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✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❊▼ ✜❡❧❞ ❛♥❞ ❛♥ ♦❜❥❡❝t ♦✈❡r t❤❡ ❡♥t✐r❡ s♣❡❝tr✉♠✳ ❚❤✐s ✇❛s
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❚❤❡ ♦♣t✐❝❛❧ t❤❡♦r❡♠ ❛♥❞ t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ s✉♠ r✉❧❡ ❤❛✈❡ r❡❝❡♥t❧② ❜❡❡♥
❣❡♥❡r❛❧✐③❡❞ t♦ ✶❉ ❛♥❞ ✷❉ ♣❡r✐♦❞✐❝ str✉❝t✉r❡s ✐♥ ❬✶✷❪✳ ▼♦r❡♦✈❡r t❤❡ s❝❛tt❡r❡❞ ❛♥❞
❛❜s♦r❜❡❞ ♣♦✇❡r ❢r♦♠ ❛♥ ✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡ ✐s ❦♥♦✇♥ t♦ ❜❡ ♣r♦♣♦rt✐♦♥❛❧ t♦ Imh(k)✱
✇❤❡r❡ h(k) = i2(1 − T (k))A ✐s ❛ ❍❡r❣❧♦t③ ❢✉♥❝t✐♦♥ ❬✸✱ ✶✷✱ ✷✵❪ ✭♦r ❛ ♣♦s✐t✐✈❡ r❡❛❧
❢✉♥❝t✐♦♥ ❬✶✹❪✮✱ ✇❤❡r❡ i2 = −1✳ ❍❡r❡✱ A ✐s t❤❡ ❝r♦ss s❡❝t✐♦♥❛❧ ❛r❡❛ ♦❢ t❤❡ ✉♥✐t ❝❡❧❧ ❛♥❞
T ✐s t❤❡ ❝♦✲♣♦❧❛r✐③❡❞ ♣❛rt ♦❢ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♠♦❞❡ tr❛♥s♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t✳
■♥ t❤✐s ♣❛♣❡r✱ t❤❡ ♦♣t✐❝❛❧ t❤❡♦r❡♠ ❛♥❞ t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ s✉♠ r✉❧❡ ❛r❡ ❡①✲
t❡♥❞❡❞ t♦ t❤❡ ❝❛s❡ ♦❢ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡s✳ ❚❤❡ ✇❛✈❡❣✉✐❞❡ ✐s ✉s❡❞ ❢♦r ✇✐❞❡✲
❜❛♥❞ s❝❛tt❡r✐♥❣ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ♠❛t❡r✐❛❧s✳ ❲❡ s❤♦✇ t❤❛t t❤✐s s❡t✲✉♣ ❝❛♥ ❜❡ ✉s❡❞
❛s ❛ q✉❛s✐✲✷❉ ❡①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞♦❧♦❣② t♦ ✜♥❞ t❤❡ s❝❛tt❡r✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ ♦♥❡✲
❞✐♠❡♥s✐♦♥❛❧ ♣❡r✐♦❞✐❝ str✉❝t✉r❡s✳ Pr♦♣❡rt✐❡s ♦❢ t❤❡ ♣♦s✐t✐✈❡ r❡❛❧ ❢✉♥❝t✐♦♥s✱ t♦❣❡t❤❡r
✇✐t❤ ❝♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥ ❬✹❪ ❛r❡ ✉t✐❧✐③❡❞ t♦ ❝♦♠❜❛t t❤❡ ♥♦✐s❡ ❧❡✈❡❧ ✐♥ t❤❡ s②st❡♠✳
✷❚❤❡ ❧♦✇✲❢r❡q✉❡♥❝② ❛s②♠♣t♦t✐❝ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ♣♦s✐t✐✈❡ r❡❛❧ ❢✉♥❝t✐♦♥ ❬✶✶❪ ✭s✐♠✐❧❛r
t♦ ❍❡r❣❧♦t③ ❛♥❞ ◆❡✈❛♥❧✐♥♥❛ ❢✉♥❝t✐♦♥s ❬✸❪✮ ❣✐✈❡s t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ❞②♥❛♠✐❝
♠❡❛s✉r❡♠❡♥ts ❛♥❞ t❤❡ st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t②✳ ■♥ ♦r❞❡r t♦ ♠❡❛s✉r❡ t❤❡ st❛t✐❝ ♣r♦♣❡rt✐❡s✱
❛ ❜❛s✐❝ ♠❡❛s✉r❡♠❡♥t s❡t✲✉♣ ❝♦♥s✐st✐♥❣ ♦❢ ❛ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r ✐s ✉s❡❞✳ ❚❤❡ st❛t✐❝
♣♦❧❛r✐③❛❜✐❧✐t② ✐s ❞❡❞✉❝❡❞ ❢r♦♠ t❤❡ s♠❛❧❧ ❞✐✛❡r❡♥❝❡ ♦❢ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✇❤❡♥ t❤❡ ♦❜❥❡❝t
✐s ✐♥s❡rt❡❞ ✐♥ t❤❡ ❝❛♣❛❝✐t♦r ❬✶✻❪✳
❚❤❡ r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ❡♥t✐r❡ s♣❡❝tr✉♠ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦♠❛❣✲
♥❡t✐❝ ✜❡❧❞ ❛♥❞ t❤❡ ♣❡r✐♦❞✐❝ str✉❝t✉r❡ ✐♥ ❛ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦
t❤❡ st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t② t❤❛t ❝❛♥ ❜❡ ❢♦✉♥❞ ❢r♦♠ ❛ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r✱ r❡❣❛r❞✲
❧❡ss ♦❢ s❤❛♣❡ ❛♥❞ r❡s♦♥❛♥t ❜❡❤❛✈✐♦r✳ ❚❤✐s s✐♠♣❧❡ ❛♣♣r♦❛❝❤ ♣r♦✈✐❞❡s ♣❤②s✐❝❛❧ ✐♥s✐❣❤t
✐♥t♦ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ✐♥t❡❣r❛t❡❞ ♦✈❡r t❤❡ ❜❛♥❞✇✐❞t❤ ♦❢ ❛♥② s❝❛tt❡r❡r✳ ❚❤❡
♠❡t❤♦❞ ✐s ❛♣♣❧✐❝❛❜❧❡ ❢♦r ❢r❡q✉❡♥❝② s❡❧❡❝t✐✈❡ str✉❝t✉r❡s ❬✶✽❪✱ ♠❡t❛♠❛t❡r✐❛❧s ❬✺✱ ✷✸❪✱
❛♥❞ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❜❛♥❞ ❣❛♣ str✉❝t✉r❡s ❬✷✾❪✳
❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ ♣❛♣❡r ✐s str✉❝t✉r❡❞ ❛s ❢♦❧❧♦✇s✳ ❚❤❡ ♦♣t✐❝❛❧ t❤❡♦r❡♠ ❢♦r
♣❡r✐♦❞✐❝ str✉❝t✉r❡s ❛s ✇❡❧❧ ❛s s✐♥❣❧❡ s❝❛tt❡r❡r ✐♥ ❛ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡ ❛r❡ ♣r❡✲
s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳ ❋♦r✇❛r❞ s❝❛tt❡r✐♥❣ s✉♠ r✉❧❡s ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳ ■♥
❙❡❝t✐♦♥ ✹✱ ✇❡ r❡♣♦rt ❛ ♣❛ss✐✈❡ s②st❡♠ ✐❞❡♥t✐✜❝❛t✐♦♥ ✉s✐♥❣ ❝♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥✳ ❚❤❡
❡①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞♦❧♦❣② ✐s ♣r❡s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✱ ❛♥❞ ♥✉♠❡r✐❝❛❧ ❡①❛♠♣❧❡s ❛r❡
✐❧❧✉str❛t❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳ ❚❤❡ ♣❛♣❡r ✐s ❝♦♥❝❧✉❞❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳
✷ ❖♣t✐❝❛❧ t❤❡♦r❡♠ ✐♥ ❛ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡
■♥ t❤✐s s❡❝t✐♦♥ t❤❡ ♦♣t✐❝❛❧ t❤❡♦r❡♠ ❢♦r ❛ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡ ✐s ♣r❡s❡♥t❡❞✳ ❆s
s❤♦✇♥ ✐♥ ❋✐❣✳ ✶❛❜✱ t❤❡ ♦♣t✐❝❛❧ t❤❡♦r❡♠ ✐s ❝❛❧❝✉❧❛t❡❞ ❢♦r ❛ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♣❡r✐✲
♦❞✐❝ str✉❝t✉r❡ ✐♥ ❙❡❝t✐♦♥ ✷✳✶✱ ❛♥❞ ❢♦r ✜♥✐t❡ ♦❜❥❡❝ts ✐♥s✐❞❡ ❛♥ ✐♠❛❣✐♥❛r② ❝②❧✐♥❞❡r ✐♥
❙❡❝t✐♦♥ ✷✳✷✱ s❡❡ ❋✐❣✳ ✶❝✳
✷✳✶ P❡r✐♦❞✐❝ str✉❝t✉r❡s
❲❡ ❝♦♥s✐❞❡r ❛ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♣❧❛♥❛r ♣❡r✐♦❞✐❝ str✉❝t✉r❡ ✐♥s❡rt❡❞ ✐♥s✐❞❡ ❛ ♣❛r❛❧❧❡❧
♣❧❛t❡ ✇❛✈❡❣✉✐❞❡✳ ❚❤❡ str✉❝t✉r❡ ❤❛s ✐♥✜♥✐t❡ ♣❡r✐♦❞✐❝✐t② ✐♥ t❤❡ ②✲❞✐r❡❝t✐♦♥ ❛♥❞ ✐s ♦r✐✲
❡♥t❡❞ ✐♥ t❤❡ ②③✲♣❧❛♥❡ ✭s❡❡ ❋✐❣✳ ✶❛❜✮✳ ❆ ❧✐♥❡❛r❧② ♣♦❧❛r✐③❡❞ t✐♠❡ ❤❛r♠♦♥✐❝ ❚❊▼ ♠♦❞❡✱
Ei(r) = zˆE0e
−jkx✱ ✐♠♣✐♥❣❡s ✉♣♦♥ t❤❡ ♣❡r✐♦❞✐❝ str✉❝t✉r❡ ❛t ♥♦r♠❛❧ ✐♥❝✐❞❡♥❝❡✱ ✇❤❡r❡
k ❞❡♥♦t❡s t❤❡ ✇❛✈❡♥✉♠❜❡r ❛♥❞ t❤❡ t✐♠❡ ❝♦♥✈❡♥t✐♦♥ ejωt ✐s ✉s❡❞✳ ❚❤❡ tr❛♥s♠✐tt❡❞
❛♥❞ t❤❡ r❡✢❡❝t❡❞ ✜❡❧❞s ❛r❡ ❞❡♥♦t❡❞ Et ❛♥❞ Er✱ r❡s♣❡❝t✐✈❡❧②✳
❚❤❡ tr❛♥s✈❡rs❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ tr❛♥s♠✐tt❡❞ ✜❡❧❞✱ ❞❡♥♦t❡❞ ❜② Eyzt ❜❡❧♦✇✱ ❛r❡
❡①♣❛♥❞❡❞ ✐♥ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ✇❛✈❡❣✉✐❞❡ ❛♥❞ ❋❧♦q✉❡t ♠♦❞❡s ✭t❤❡ ♥♦r♠❛❧ ❝♦♠♣♦♥❡♥ts
❝❛♥ ❜❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ tr❛♥s✈❡rs❡ ❝♦♠♣♦♥❡♥ts ❛♥❞ ❞♦ ♥♦t ♣r♦✈✐❞❡ ❛❞❞✐t✐♦♥❛❧ ❞❡❣r❡❡s
♦❢ ❢r❡❡❞♦♠✮✳ ❚❤❡ s♣❡❝tr❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ♠♦❞❡s✱ t❛❦✐♥❣ t❤❡ ♣❡r✐♦❞✐❝✐t② ✐♥ y✲
❞✐r❡❝t✐♦♥ ❛♥❞ t❤❡ ❡❧❡❝tr✐❝ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✐♥ z✲❞✐r❡❝t✐♦♥ ✐♥t♦ ❛❝❝♦✉♥t ❝❛♥ ❜❡
✇r✐tt❡♥ ❛s
E
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t (k; r) =
∞∑
m=−∞
∞∑
n=0
∑
ν=TE,TM
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−j(kxx+m2piy/a), ✭✷✳✶✮
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❋✐❣✉r❡ ✶✿ ❙❝❛tt❡r✐♥❣ ❣❡♦♠❡tr② ❢♦r ♣❡r✐♦❞✐❝ ♦❜❥❡❝ts ✐♥s✐❞❡ t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✲
✉✐❞❡✳ ❛✮ ♣❡rs♣❡❝t✐✈❡ ✈✐❡✇✳ Ei ✐s t❤❡ ✐♥❝✐❞❡♥t ✜❡❧❞✱ Et t❤❡ tr❛♥s♠✐tt❡❞ ✜❡❧❞✱ ❛♥❞ Er
❞❡♥♦t❡s t❤❡ r❡✢❡❝t❡❞ ✜❡❧❞✳ ❜✮ ❢r♦♥t ✈✐❡✇✳ ❚❤❡ ✉♥✐t ❝❡❧❧ s✐③❡ ✐s a× b✳ ❝✮ t♦♣ ✈✐❡✇ ♦❢
t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡✳ ❚❤❡ ✐♠❛❣✐♥❛r② s✉r❢❛❝❡ S ✐s ❛ ❝②❧✐♥❞❡r ♦❢ r❛❞✐✉s ρ ❛♥❞
♥♦r♠❛❧ ✈❡❝t♦r nˆ✱ t❤❛t ❡♥❝❧♦s❡s t❤❡ ♦❜❥❡❝t✳
✇❤❡r❡ kx =
√
k2 − (m2π/a)2 − (nπ/b)2✱ a ✐s t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ✉♥✐t ❝❡❧❧ ✐♥ t❤❡ ②✲
❞✐r❡❝t✐♦♥ ❛♥❞ b ✐s t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ✇❛✈❡❣✉✐❞❡✱ s❡❡ ❋✐❣✳ ✶❜✳ ◆♦t❡ t❤❡ ❡①tr❛ ❢❛❝t♦r ♦❢ ✷
✐♥ t❤❡ t❡r♠ m2π/a ❝♦♠♣❛r❡❞ t♦ nπ/b✳ ❲❤❡♥ m ✐s ❧❛r❣❡ ❡♥♦✉❣❤✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
♠♦❞❡s ❛r❡ ❡✈❛♥❡s❝❡♥t✳ ❍❡r❡✱ Eyztnν ❞❡♥♦t❡s t❤❡ tr❛♥s✈❡rs❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ✈❡❝t♦r
❜❛s✐s ❢✉♥❝t✐♦♥s ❢♦r ✇❛✈❡❣✉✐❞❡ ♠♦❞❡s✱ ✇❤✐❝❤ ❛r❡ Eyztnν =
√
ǫn cos(
npiz
b
)zˆ ❢♦r ν = TM
✭✇❤❡r❡ ǫn = 1 ❢♦r n = 0 ❛♥❞ ǫn = 2 ❢♦r n 6= 0✮✱ ❛♥❞ Eyztnν =
√
2 sin(npiz
b
)yˆ ❢♦r ν = TE
❛♥❞ n > 0✱ s❡❡ ❬✶✼✱ ♣✳ ✻✹❪ ❢♦r ♠♦r❡ ❞❡t❛✐❧s✳ ❚❤❡ ❡①♣❛♥s✐♦♥ ❝♦❡✣❝✐❡♥ts ❜❡❤✐♥❞ t❤❡
str✉❝t✉r❡ ❛r❡✱
Emnν =
1
ab
b∫
0
a∫
0
E
yz
t (k; 0, y, z) ·Eyz∗tnν(z)ejm2piy/a dy dz, ✭✷✳✷✮
✇❤❡r❡✱ ✭∗✮ ❞❡♥♦t❡s t❤❡ ❝♦♠♣❧❡① ❝♦♥❥✉❣❛t❡✳ ❆ ❣❡♥❡r❛❧ ✐♥❝✐❞❡♥t ✜❡❧❞ ❝❛♥ ❜❡ ❡①♣❛♥❞❡❞
✐♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠♦❞❡s✱ ✇❤✐❝❤ ❛r❡ r❡❧❛t❡❞ t♦ t❤❡ ♠♦❞❡s ♦❢ t❤❡ tr❛♥s♠✐tt❡❞ ✜❡❧❞
❜② ❛ ❧✐♥❡❛r ♠❛♣♣✐♥❣ q✉❛♥t✐✜❡❞ ❜② t❤❡ tr❛♥s♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t Tmnν,m′n′ν′ ✳ ■♥ ♦✉r
❝❛s❡✱ ✇❡ ❝♦♥s✐❞❡r ❛♥ ✐♥❝✐❞❡♥t ✜❡❧❞ ❝♦♥s✐st✐♥❣ ♦❢ ♦♥❧② t❤❡ ❚❊▼ ♠♦❞❡ ✭m′ = 0✱ n′ = 0✱
❛♥❞ ν ′ = TM✮✱ ❛♥❞ st✉❞② t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ tr❛♥s♠✐tt❡❞ ♠♦❞❡ ✭m = 0✱ n = 0✱ ❛♥❞
ν = TM✮ ❛♥❞ ❞❡✜♥❡ t❤❡ ❝♦✲♣♦❧❛r✐③❡❞ tr❛♥s♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t ❛s T = T00TM,00TM✳
❚❤❡ ♦♣t✐❝❛❧ t❤❡♦r❡♠ ❢♦r ♣❡r✐♦❞✐❝ str✉❝t✉r❡s ✐s ❜❛s❡❞ ♦♥ ❡♥❡r❣② ❝♦♥s❡r✈❛t✐♦♥ ❛♥❞
r❡❧❛t❡s t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r❡❞ ✜❡❧❞ t♦ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ❬✶✷❪✳ ❚❤❡ ✐♥❝✐❞❡♥t
♣♦✇❡r ♣❡r ✉♥✐t ❝❡❧❧ ✐s ❞❡♥♦t❡❞ ❜② Pi✳ ❚❤❡ tr❛♥s♠✐tt❡❞ ♣♦✇❡r ✐s Pt = |T |2Pi + Pt1✳
✹❍❡r❡✱ |T |2Pi ✐s t❤❡ ❝♦✲♣♦❧❛r✐③❡❞ tr❛♥s♠✐tt❡❞ ♣♦✇❡r ✐♥ t❤❡ ❚❊▼ ♠♦❞❡ ❛♥❞ Pt1 ✐s t❤❡
tr❛♥s♠✐tt❡❞ ♣♦✇❡r ❢♦r t❤❡ r❡♠❛✐♥✐♥❣ ♠♦❞❡s✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✐♥❝✐❞❡♥t
❛♥❞ t❤❡ s✉♠ ♦❢ t❤❡ r❡✢❡❝t❡❞ ❛♥❞ tr❛♥s♠✐tt❡❞ ♣♦✇❡r ✐s t❤❡ ❛❜s♦r❜❡❞ ♣♦✇❡r✱ Pa =
Pi−Pr−|T |2Pi−Pt1✱ ❛♥❞ t❤❡ s✉♠ ♦❢ t❤❡ r❡✢❡❝t❡❞ ♣♦✇❡r ❛♥❞ t❤❡ ♣♦✇❡r ✐♥ t❤❡ s❝❛t✲
t❡r❡❞ ♣❛rt ♦❢ t❤❡ tr❛♥s♠✐tt❡❞ ✜❡❧❞ ✐s t❤❡ s❝❛tt❡r❡❞ ♣♦✇❡r✱ Ps = Pr+ |1−T |2Pi+Pt1✳
❚❤❡ t♦t❛❧ ♣♦✇❡r ✐s t❤❡ s✉♠ ♦❢ t❤❡ ❛❜s♦r❜❡❞ ❛♥❞ s❝❛tt❡r❡❞ ♣♦✇❡r ❛♥❞ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞
❛s
Ptot = Pa + Ps = 2Re{1− T (k)}Pi. ✭✷✳✸✮
❇② ❝♦♥s✐❞❡r✐♥❣ t❤❡ ✐♥❝✐❞❡♥t ♣♦✇❡r ♣❡r ✉♥✐t ❝❡❧❧✱ Pi = A|E0|2/(2η0) ❛♥❞ ♥♦r♠❛❧✐③✐♥❣
❜♦t❤ s✐❞❡s ♦❢ ✭✷✳✸✮ ❜② t❤❡ ✐♥❝✐❞❡♥t ♣♦✇❡r ✢✉①✱ |E0|2/2η0 ✱ t❤❡ t♦t❛❧ ✭❡①t✐♥❝t✐♦♥✮ ❝r♦ss
s❡❝t✐♦♥ ❜❡❝♦♠❡s
σtot = σa + σs = 2Re{1− T}A, ✭✷✳✹✮
✇❤❡r❡ A = ab✳ ❚❤✐s r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ❛♥❞ t❤❡ tr❛♥s♠✐ss✐♦♥
❝♦❡✣❝✐❡♥t ✐s t❤❡ ♦♣t✐❝❛❧ t❤❡♦r❡♠ ❢♦r ♣❡r✐♦❞✐❝ ♦❜❥❡❝ts ✐♥ ❛ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡✳
✷✳✷ ❇♦✉♥❞❡❞ s❝❛tt❡r❡r
■♥ t❤✐s s✉❜s❡❝t✐♦♥✱ t❤❡ ♦♣t✐❝❛❧ t❤❡♦r❡♠ ✐s ✐♥✈❡st✐❣❛t❡❞ ❢♦r ❛ ♥♦♥✲♣❡r✐♦❞✐❝ str✉❝t✉r❡
❜♦✉♥❞❡❞ ❜② ❛♥ ✐♠❛❣✐♥❛r② ❝②❧✐♥❞❡r✳ ❆ss✉♠❡ ❛♥ ✐♥❝✐❞❡♥t ✇❛✈❡ ♣r♦♣❛❣❛t✐♥❣ ✐♥ t❤❡
♣♦s✐t✐✈❡ ①✲❞✐r❡❝t✐♦♥✱ ❧✐♥❡❛r❧② ♣♦❧❛r✐③❡❞ ✐♥ t❤❡ ③✲❞✐r❡❝t✐♦♥ Ei = zˆE0e
−jkx✳ ❆ s❝❛tt❡r❡r
♦❢ ❛r❜✐tr❛r② s❤❛♣❡ ❛♥❞ ♠❛t❡r✐❛❧ ♣❧❛❝❡❞ ✐♥s✐❞❡ t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡✳ ❋♦❧❧♦✇✲
✐♥❣ ❬✶✸✱ ♣✳ ✺✵✶❪✱ t❤❡ s✉♠ ♦❢ t❤❡ ❛❜s♦r❜❡❞ ❛♥❞ s❝❛tt❡r❡❞ ♣♦✇❡r✱ ❤❡r❡ ❞❡♥♦t❡❞ t❤❡
t♦t❛❧ ♣♦✇❡r ✐s
Ptot = Pa + Ps =
1
2
Re
∫
S
nˆ · [−(Ei +Es)× (H i +Hs)∗ +Es ×H∗s ] dS
= −1
2
Re
∫
S
nˆ · (Es ×H∗i +Ei ×H∗s ) dS, ✭✷✳✺✮
✇❤❡r❡ t❤❡ s✉r❢❛❝❡ S ❡♥❝❧♦s❡s t❤❡ s❝❛tt❡r❡r ❛♥❞ nˆ = ρˆ = xˆ sinφ+ yˆ cosφ ✐s t❤❡ ♦✉t✲
✇❛r❞ ♣♦✐♥t✐♥❣ ♥♦r♠❛❧ ✈❡❝t♦r ✭s❡❡ ❋✐❣✳ ✶❝✮✳ ❚❤❡ s✉❜s❝r✐♣t s st❛♥❞s ❢♦r t❤❡ s❝❛tt❡r❡❞
✜❡❧❞s t❤❛t r❡♣r❡s❡♥t t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✜❡❧❞s ✐♥ t❤❡ ♣r❡s❡♥❝❡ ❛♥❞ ❛❜s❡♥❝❡ ♦❢
t❤❡ ♦❜❥❡❝t✱ ✐✳❡✳✱ Es = E−Ei✳ ❚❤❡ s✉r❢❛❝❡ S ❞♦❡s ♥♦t ✐♥❝❧✉❞❡ t❤❡ ♠❡t❛❧ ❜♦✉♥❞❛r✐❡s
❛t z = 0 ❛♥❞ z = b✱ s✐♥❝❡ t❤❡ ♣♦✇❡r ✢✉① ✐s ③❡r♦ t❤r♦✉❣❤ t❤❡s❡ ❜♦✉♥❞❛r✐❡s✳ ❯s✐♥❣
t❤❡ r❡❛❧ ♣❛rt t♦ s❤✐❢t t❤❡ ❧❛st ❝♦♠♣❧❡① ❝♦♥❥✉❣❛t❡ ❢r♦♠ H∗s t♦ Ei✱ yˆ = zˆ × xˆ✱ ❛♥❞
✐♥s❡rt✐♥❣ t❤❡ ❡①♣r❡ss✐♦♥ ❢♦r t❤❡ ✐♥❝✐❞❡♥t ✜❡❧❞✱ ✇❡ ❣❡t
✺Ptot = −1
2
Re
∫
S
E∗0e
jkxnˆ · (−Es × yˆη−10 + zˆ ×Hs) dS
=
−1
2η0
Re
b∫
0
2pi∫
0
E∗0e
jkxzˆ · (Es(nˆ · xˆ) + η0Hs × nˆ) dφ dz
=
−b
2η0
Re
2pi∫
0
E∗0e
jkxzˆ · 〈Es(nˆ · xˆ) + η0Hs × nˆ〉 dφ, ✭✷✳✻✮
✇❤❡r❡ 〈.〉 ❞❡♥♦t❡s t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ t❤❡ ✜❡❧❞s ♦✈❡r t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ✇❛✈❡❣✉✐❞❡✳ ❚❤❡
s❝❛tt❡r❡❞ ✜❡❧❞ ❝❛♥ ❜❡ ❡①♣❛♥❞❡❞ ✐♥ ❝②❧✐♥❞r✐❝❛❧ ♠♦❞❡s✱ s❡❡ ❆♣♣❡♥❞✐① ❆✳ ❚❤❡r❡✱ ✐t ✐s
s❤♦✇♥ t❤❛t t❤❡ ♠❡❛♥ ✈❛❧✉❡ ✐♥ ✭✷✳✻✮ ✐s ♥♦♥③❡r♦ ♦♥❧② ❢♦r t❤❡ ③❡r♦t❤ ♦r❞❡r ♠♦❞❡✱ ✇❤✐❝❤
✐s ❝♦✲♣♦❧❛r✐③❡❞ t♦ t❤❡ ✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡✳ ❇② ♥♦r♠❛❧✐③✐♥❣ t❤❡ t♦t❛❧ ♣♦✇❡r ✇✐t❤ t❤❡
✐♥❝✐❞❡♥t ♣♦✇❡r ✢✉①✱ |E0|2/2η0✱ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ❜❡❝♦♠❡s
σtot = −Re
{ b
|E0|
2pi∫
0
ejkxzˆ · 〈Es(nˆ · xˆ) + η0Hs × nˆ〉 dφ
}
, ✭✷✳✼✮
✇❤❡r❡ t❤❡ ✐♥t❡❣r❛❧ ✐♥ ✭✷✳✼✮ ✐s s✐♠✐❧❛r t♦ t❤❡ ❢❛r✲✜❡❧❞ ❛♠♣❧✐t✉❞❡✱ fs✱ ✐♥ t✇♦ ❞✐♠❡♥s✐♦♥s
✇❤✐❝❤ ✐s ❣✐✈❡♥ ❜② ❬✷✽❪
fs(k) =
jk
4
2pi∫
0
ejkxzˆ · 〈Es(nˆ · xˆ) + η0Hs × nˆ〉 dφ, ✭✷✳✽✮
✇❤❡r❡ t❤❡ ❝♦✲♣♦❧❛r✐③❡❞ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ s❝❛tt❡r❡❞ ❢❛r ✜❡❧❞ Es ∼ zˆfs
√
2
pijkρ
e−jkρ ❛♥❞
t❤❡r❡❢♦r❡✱ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s
σtot = −4bRe
{
E∗0fs(k)
jk|E0|2
}
. ✭✷✳✾✮
❚❤❡ ♥♦r♠❛❧✐③❛t✐♦♥ ❜② t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ✇❛✈❡❣✉✐❞❡ ❣✐✈❡s t❤❡ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ t♦t❛❧
❝r♦ss s❡❝t✐♦♥✳
✸ ❋♦r✇❛r❞ s❝❛tt❡r✐♥❣ s✉♠ r✉❧❡s
❚❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ s✉♠ r✉❧❡ ✐s ✉s❡❞ t♦ ✜♥❞ ❛♥ ✉♣♣❡r ❜♦✉♥❞ ♦♥ t❤❡ t♦t❛❧ ❝r♦ss s❡❝✲
t✐♦♥ ♦❢ ❛♥② s❝❛tt❡r❡r✳ ❚❤❡ ✐❞❡♥t✐t✐❡s st❛t✐♥❣ t❤❛t t❤❡ s✉♠ ♦r ✐♥t❡❣r❛❧ ♦❢ ❛ ✈❛r✐❛❜❧❡ ❤❛s
❛ ❝❡rt❛✐♥ ✈❛❧✉❡ ❛r❡ ❝❛t❡❣♦r✐③❡❞ ❛s s✉♠ r✉❧❡s ❛♥❞ ❛r❡ ♠♦st❧② ❞❡r✐✈❡❞ ✉s✐♥❣ ❤♦❧♦♠♦r✲
♣❤✐❝ ❢✉♥❝t✐♦♥s s✉❝❤ ❛s ♣♦s✐t✐✈❡ r❡❛❧ ♦r ❍❡r❣❧♦t③ ✭◆❡✈❛♥❧✐♥♥❛✮ ❢✉♥❝t✐♦♥s ❬✸✱ ✶✶✱ ✶✹✱ ✷✵❪✳
■♥ t❤✐s ♣❛♣❡r t❤❡ ♣♦s✐t✐✈❡ r❡❛❧ ✭P❘✮ ❢✉♥❝t✐♦♥✱ P(κ)✱ ✐s ❣✐✈❡♥ ❜② t❤❡ ❢♦r✇❛r❞ s❝❛t✲
t❡r✐♥❣ ❛♠♣❧✐t✉❞❡ ❞❡r✐✈❡❞ ✐♥ ✭✷✳✹✮ ❛♥❞ ✭✷✳✾✮✱ ✇❤❡r❡ κ = ζ + jk✳ ■♥ ❜♦t❤ ❝❛s❡s t❤❡ P❘
✻PEC
PEC
PEC
PEC
b)a) c)
E0 b 2b 2b
+
-
+
- -
+
+
-
+
- -
+
+
-
+
- -
+
+
-
+
- -
+
+
-
+
- -
+
+
-
+
- -
+
+
-
+
- -
+
+
-
+
- -
+
+
-
+
- -
+
❋✐❣✉r❡ ✷✿ P❡r✐♦❞✐❝ ❡q✉✐✈❛❧❡♥❝❡ ♣r♦❜❧❡♠✳ ❛✮ ❆♥ ♦❜❥❡❝t ✐s ♣❧❛❝❡❞ ✐♥ ❛♥ ❛r❜✐tr❛r②
♣♦s✐t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♣❧❛t❡s ♦❢ ❛ ❝❛♣❛❝✐t♦r✳ ❜✮ ❆♥ ❡q✉✐✈❛❧❡♥t ♣r♦❜❧❡♠ ❢♦r ♣❛rt✲❛
❜② ♣❧❛❝✐♥❣ t❤❡ ♦❜❥❡❝t ❛♥❞ ✐ts ✐♠❛❣❡ ❛t t❤❡ ♠✐❞ ♣♦✐♥t ❜❡t✇❡❡♥ t✇♦ ♣❧❛t❡s✳ ❝✮ ❚❤❡
❡q✉✐✈❛❧❡♥t ♣❡r✐♦❞✐❝ ♣r♦❜❧❡♠✳
❢✉♥❝t✐♦♥ ✐s ❤♦❧♦♠♦r♣❤✐❝ ❛♥❞ Re{P(κ)} ≥ 0 ❢♦r Re{κ} > 0 ❬✶✷❪ ❛♥❞ ✐s ❣✐✈❡♥ ❜②
P(κ) =
{
2(1− T (κ))A ❢♦r ❛ ♣❡r✐♦❞✐❝ str✉❝t✉r❡
− 4b
κ|E0|2
E∗0fs(κ) ❢♦r ❛ s✐♥❣❧❡ s❝❛tt❡r❡r
✭✸✳✶✮
✇❤❡r❡ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ σtot = Re{P(κ)}✳
❚❤❡ ❧♦✇✲❢r❡q✉❡♥❝② ❛s②♠♣t♦t✐❝ ❡①♣❛♥s✐♦♥ ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ ▼❛①✇❡❧❧ ❡q✉❛t✐♦♥s ❜②
❛♥ ❡①♣❛♥s✐♦♥ ✐♥ t❤❡ ✜❡❧❞s ❬✷✷❪✱ ❣✐✈✐♥❣
P(κ) = κ
(
eˆ · γe · eˆ+ (kˆ × eˆ) · γm · (kˆ × eˆ)
)
+ o(κ) ✭✸✳✷✮
❛s κ→ˆ0✱ ✇❤❡r❡ →ˆ ✐s t❤❡ ❧✐♠✐t ✐♥s✐❞❡ t❤❡ r✐❣❤t ❤❛❧❢ ♣❧❛♥❡ ❛♥❞ | arg(κ)| < pi
2
− δ ❢♦r ❛
s♠❛❧❧ ♣♦s✐t✐✈❡ δ✱ ❛♥❞ γe ❛♥❞ γm ❛r❡ t❤❡ ❡❧❡❝tr✐❝ ❛♥❞ ♠❛❣♥❡t✐❝ st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t②
❞②❛❞✐❝s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐s ❡q✉❛t✐♦♥ ❣✐✈❡s t❤❡ s❧♦♣❡ ♦❢ t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ ❛t
❧♦✇ ❢r❡q✉❡♥❝✐❡s ❛♥❞ ❛s ✐t ✐s s❤♦✇♥ ✐♥ ❙❡❝t✐♦♥ ✻✱ ❢♦r ❧♦♥❣ ✇❛✈❡❧❡♥❣t❤s ❝♦♠♣❛r❡❞ t♦
t❤❡ s✐③❡ ♦❢ t❤❡ ♦❜❥❡❝t t❤✐s ❣✐✈❡s ❛ ❣♦♦❞ ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t②✳
❚❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡ ✐♥ t❤❡ st❛t✐❝ ❧✐♠✐t✱ k → 0✱ ✐s ❡q✉✐✈❛❧❡♥t t♦ ❛ ♣❛r❛❧❧❡❧
♣❧❛t❡ ❝❛♣❛❝✐t♦r ✇✐t❤ ❛ ✉♥✐❢♦r♠ ✜❡❧❞ ❞✐str✐❜✉t✐♦♥✱ E0✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷❛✳ ❍❡r❡✱
γe ❛♥❞ γm ❛r❡ ✐❞❡♥t✐✜❡❞ ❛s t❤❡ ♣♦❧❛r✐③❛❜✐❧✐t✐❡s ♦❢ ❛♥ ♦❜❥❡❝t ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡
♠❡t❛❧ ♣❧❛t❡s ✭✐♥ t❤❡ ♣❡r✐♦❞✐❝ ❝❛s❡ t❤✐s ✐s ✉♥❞❡rst♦♦❞ ❛s t❤❡ ♣♦❧❛r✐③❛❜✐❧✐t② ♣❡r ✉♥✐t
❝❡❧❧✮✳ ❚❤✐s ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❞✐r❡❝t❧② ✉s✐♥❣ ♣r♦♣❡r ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✐♥ t❤❡ ✜♥✐t❡
❡❧❡♠❡♥t ♠❡t❤♦❞✱ ♦r t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ●r❡❡♥✬s ❢✉♥❝t✐♦♥ ✐♥ t❤❡ ♠❡t❤♦❞ ♦❢ ♠♦♠❡♥ts✳
❚❤❡ ♠❡t❤♦❞s ❢♦r ♣❡r✐♦❞✐❝ str✉❝t✉r❡s ✐♥ ❬✶✷✱ ✷✷❪ ❝❛♥ ❛❧s♦ ❜❡ ✉s❡❞✱ s✐♥❝❡ γe ❡q✉❛❧s ❤❛❧❢
t❤❡ ♣♦❧❛r✐③❛❜✐❧✐t② ♦❢ ❛ ♠✐rr♦r✲s②♠♠❡tr✐❝✱ ♣❡r✐♦❞✐❝ str✉❝t✉r❡ ✇✐t❤ ✉♥✐t ❝❡❧❧ ♦❢ ❧❡♥❣t❤
2b✱ ❛s s❡❡♥ ✐♥ ❋✐❣✳ ✷❜❝✳
❚❤❡ s✉♠ r✉❧❡ r❡❧❛t❡s t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ♦✈❡r ❛❧❧ ✇❛✈❡❧❡♥❣t❤s t♦ t❤❡ st❛t✐❝
♣♦❧❛r✐③❛❜✐❧✐t② ❛♥❞ ✐s ❣✐✈❡♥ ❜② ❬✸❪
2
π
∞∫
0
σtot(k; kˆ, eˆ)
k2
dk = eˆ · γe · eˆ+ (kˆ × eˆ) · γm · (kˆ × eˆ), ✭✸✳✸✮
✼✇❤❡r❡ eˆ ✐s t❤❡ r❡❛❧ ✈❛❧✉❡❞ ✉♥✐t ✈❡❝t♦r ❛❧♦♥❣ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ♦❢ t❤❡ ✐♥❝✐❞❡♥t ✜❡❧❞✳ ❚❤❡
✐♥t❡❣r❛t✐♦♥ ♦♥ t❤❡ ❧❡❢t ❤❛♥❞ s✐❞❡ ❞❡t❡r♠✐♥❡s t❤❡ ❞②♥❛♠✐❝ ❜❡❤❛✈✐♦r ♦❢ t❤❡ s❝❛tt❡r❡r
❛♥❞ t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ❢r♦♠ t❤❡ st❛t✐❝ ♣r♦♣❡rt✐❡s✳ ❚❤❡ s✉♠ r✉❧❡ ✐s ✉s❡❞
t♦ ❞❡r✐✈❡ ❛♥ ✉♣♣❡r ❜♦✉♥❞ ♦♥ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ✐♥t❡❣r❛t❡❞ ♦✈❡r ❛ ❜❛♥❞✇✐❞t❤ ❬✸❪✳
■♥ t❤✐s ♣❛♣❡r ✇❡ ✉s❡ ❛ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ✐♥t❡❣r❛❧ ✈❛❧✉❡ ♦♥
t❤❡ ❧❡❢t ❤❛♥❞ s✐❞❡ ❛♥❞ ❛ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r t♦ ♠❡❛s✉r❡ t❤❡ st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t②
♦♥ t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ♦❢ ✭✸✳✸✮✳ ❚❤❡ s✉♠ r✉❧❡ ✐s ✈❛❧✐❞ ❢♦r ♣❛ss✐✈❡ str✉❝t✉r❡s t❤❛t ❞♦
♥♦t s✉♣♣♦rt ❝✉rr❡♥ts ✐♥ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❧✐♠✐t✱ ✐✳❡✳✱ t❤❛t ❞♦ ♥♦t s❤♦rt ❝✐r❝✉✐t t❤❡
♣❧❛t❡s✳
✹ P❛ss✐✈❡ s②st❡♠ ✐❞❡♥t✐✜❝❛t✐♦♥ ✉s✐♥❣ ❝♦♥✈❡① ♦♣t✐✲
♠✐③❛t✐♦♥
❈♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥ ❬✹❪ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ ♣♦s✐t✐✈❡ r❡❛❧ ❢✉♥❝t✐♦♥s ❛r❡
✉s❡❞ t♦ ✐❞❡♥t✐❢② t❤❡ ♠❡❛s✉r❡❞ ♣❛ss✐✈❡ s②st❡♠✳ ❆ s②♠♠❡tr✐❝ P❘ ❢✉♥❝t✐♦♥ ❝❛♥ ❜❡
r❡♣r❡s❡♥t❡❞ ❛s
P(κ) = b1κ+
∞∫
−∞
κ
ξ2 + κ2
dG(ξ), ✭✹✳✶✮
❢♦r Reκ > 0✱ ✇❤❡r❡ b1 ✐s ❛ r❡❛❧ ✈❛❧✉❡❞ ❛♥❞ ♥♦♥✲♥❡❣❛t✐✈❡ ❝♦♥st❛♥t✱ κ = ζ + jk ✐s t❤❡
▲❛♣❧❛❝❡ ♣❛r❛♠❡t❡r✱ ❛♥❞ G(ξ) ✐s ❛ ♣♦s✐t✐✈❡ ❛♥❞ ✜♥✐t❡ ♠❡❛s✉r❡ s✉❝❤ t❤❛t
∫
R
dG(ξ)/(1+
ξ2) <∞✳ ❚❤❡ s♣❡❝tr❛❧ ❢✉♥❝t✐♦♥ G(ξ) ✐s ✉♥✐q✉❡❧② ❞❡✜♥❡❞ ❛s ❬✶✹❪
G(ξ) =
1
π
lim
ζ→0+
ξ∫
0
ReP(ζ + jk) dk. ✭✹✳✷✮
❯s✐♥❣ t❤❡ ❧♦✇✴❤✐❣❤✲❢r❡q✉❡♥❝② ❛s②♠♣t♦t✐❝ ❡①♣❛♥s✐♦♥s ♦❢ P(κ) ❜❛s❡❞ ♦♥ t❤❡
r❡♣r❡s❡♥t❛t✐♦♥ ✭✹✳✶✮ ✐♥ t❤❡ ❧✐♠✐t ζ → 0+✱ ❛♥❞ ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❡✈❡♥ ♠❡❛s✉r❡ ♦❢
G(−ξ) = G(ξ)✱ ✇❡ ❝❛♥ ✇r✐t❡ t❤❡ ✜rst ✐♥t❡❣r❛❧ ✐❞❡♥t✐t② ❛s ❬✶✶❪
2
π
∞∫
0
ReP(jk)
k2
dk = a1 − b1, ✭✹✳✸✮
✇❤❡r❡ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❛s②♠♣t♦t✐❝ ♦❢ P ✐s a1κ + o(κ) ❛♥❞ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝②
❛s②♠♣t♦t✐❝ ✐s b1κ+o(κ)✳ ❍❡r❡✱ a1 ❛♥❞ b1 ❛r❡ r❡❛❧ ✈❛❧✉❡❞ ❛♥❞ ♥♦♥✲♥❡❣❛t✐✈❡ ❝♦♥st❛♥ts✳
❆ss✉♠✐♥❣ t❤❛t t❤❡ ♣♦s✐t✐✈❡ r❡❛❧ ❢✉♥❝t✐♦♥ P ✐s s✉✣❝✐❡♥t❧② r❡❣✉❧❛r ♦♥ t❤❡ ❢r❡q✉❡♥❝②
❛①✐s κ = jk✱ ✐ts ✐♠❛❣✐♥❛r② ♣❛rt ✐s ❣✐✈❡♥ ❜②
ImP(jk) = b1k+
1
π
∞∫
−∞
k
ξ2 − k2 ReP(jξ) dξ = b1k+
1
π
∞∫
−∞
1
ξ − k ReP(jξ) dξ, ✭✹✳✹✮
✇❤❡r❡ t❤❡ ✐♥t❡❣r❛❧ ✐s ✐❞❡♥t✐✜❡❞ ❛s t❤❡ ❍✐❧❜❡rt tr❛♥s❢♦r♠✳ ❚❤❡ s❡❝♦♥❞ ❡q✉❛❧✐t② ✐s
❦♥♦✇♥ ❛s t❤❡ P❧❡♠❡❧❥ ❢♦r♠✉❧❛ ❬✷✵❪✱ ✐t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢
✽P ✐s ♦❞❞ s②♠♠❡tr✐❝ ✇✐t❤ ImP(−jk) = − ImP(jk)✳ ❚❤❡ ❧✐♥❡❛r tr❛♥s❢♦r♠ ✐♥ ✭✹✳✹✮
❛❝ts ❛s ❛ ❧✐♥❡❛r ♦♣❡r❛t♦r ♦♥ t❤❡ r❡❛❧ r❡s♣♦♥s❡ ReP(jk) t♦ ②✐❡❧❞ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt
ImP(jk) ♦❢ t❤❡ ♣❛ss✐✈❡ s②st❡♠✳ ❚❤✐s ❝❛♥ ❜❡ tr❡❛t❡❞ ❛s ❛ ❝♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥
♣r♦❜❧❡♠ ✇✐t❤ ❝♦♥str❛✐♥ts ♦♥ t❤❡ ✉♥❦♥♦✇♥ q✉❛♥t✐t✐❡s b1 ≥ 0 ❛♥❞ ReP(jk) ≥ 0✳ ❆s
❛ ✜♥✐t❡✲❞✐♠❡♥s✐♦♥❛❧ ❛♣♣r♦①✐♠❛t✐♦♥✱ t❤❡ ♣♦s✐t✐✈❡ ❛♥❞ s②♠♠❡tr✐❝ ♠❡❛s✉r❡ ReP(jk)
✐s ♠♦❞❡❧❡❞ ❤❡r❡ ❜②
ReP(jk) =
N−1∑
n=0
xn[p(k − (n+ n0)∆k) + p(k + (n+ n0)∆k)], ✭✹✳✺✮
✇❤❡r❡ xn ✐s ❛ ♥♦♥✲♥❡❣❛t✐✈❡ r❡❛❧ ✈❛❧✉❡❞ ✈❛r✐❛❜❧❡✱ ∆k ✐s t❤❡ ❢r❡q✉❡♥❝② st❡♣✱ n0 ✐s ❛♥
♦✛s❡t ♣❛r❛♠❡t❡r ❛♥❞ p(k) ✐s ❛ tr✐❛♥❣✉❧❛r ♣✉❧s❡✲s❤❛♣❡ ✭p(k) = 1−|k|/∆k ❢♦r |k| ≤ ∆k
❛♥❞ 0 ♦t❤❡r✇✐s❡✮✳ ❇② ✐♥s❡rt✐♥❣ t❤❡ ❛♣♣r♦①✐♠❛t❡❞ ReP(jk) ✐♥ ✭✹✳✹✮ t❤❡ ✐♠❛❣✐♥❛r②
♣❛rt ❜❡❝♦♠❡s
ImP(jk) = b1k +
N−1∑
n=0
xn[p˜(k − (n+ n0)∆k) + p˜(k + (n+ n0)∆k)], ✭✹✳✻✮
✇❤❡r❡ p˜(k) ✐s t❤❡ ❍✐❧❜❡rt tr❛♥s❢♦r♠ ♦❢ t❤❡ ♣✉❧s❡ s❤❛♣❡ p(k) ❣✐✈❡♥ ❜②
p˜(k) =
1
π
∞∫
−∞
1
ξ − kp(ξ) dξ
=
2k ln |k| − (k −∆k) ln |k −∆k| − (k +∆k) ln |k +∆k|
π∆k
✭✹✳✼✮
✇✐t❤ p˜(±∆k) = ∓(2 ln 2)/π ❛♥❞ p˜(0) = 0✳ ❇② ❛♣♣❧②✐♥❣ t❤❡ ✜♥✐t❡✲❞✐♠❡♥s✐♦♥❛❧ ❛♣✲
♣r♦①✐♠❛t✐♦♥ t❤❡ s✉♠ r✉❧❡ ✐♥ ✭✹✳✸✮ ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ❛s
1
π∆k
N−1∑
n=0
xn ln
(n+ n0)
2
(n+ n0 − 1)(n+ n0 + 1) = a1 − b1. ✭✹✳✽✮
❈♦♥s✐❞❡r✐♥❣ t❤❡ r❡❛❧ ❛♥❞ ✐♠❛❣✐♥❛r② r❡s♣♦♥s❡s ♦❢ P✱ ❛♥❞ ❛❧s♦ t❤❡ s✉♠ r✉❧❡
✐♥ ✭✸✳✸✮✱ ✇❡ ❞❡✜♥❡ t❤❡ ❝♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠
♠✐♥✐♠✐③❡
∥∥P(jk)−P(M)(jk)∥∥
s✉❜❥❡❝t t♦ ReP(jk) ≥ 0, k ∈ [k0, k3],
2
π
k3∫
k0
ReP(jk)
k2
dk ≤ γu,
✭✹✳✾✮
✇❤❡r❡ P(M)(jk) ✐s t❤❡ ♠❡❛s✉r❡❞ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ ❢♦r k ∈ [k1, k2] ✇❤✐❝❤ ✐s ✐♥s✐❞❡
t❤❡ ♠♦❞❡❧✐♥❣ ✐♥t❡r✈❛❧ k0 < k1 < k2 < k3 ❛♥❞ γu ✐s ❛♥ ✉♣♣❡r ❜♦✉♥❞ ♦♥ t❤❡ s✉♠ r✉❧❡✳
❚❤❡ ♥♦r♠ ✐s ❞❡✜♥❡❞ ❛s
∥∥P(jk)−P(M)(jk)∥∥2 =
k2∫
k1
w(k)|P(jk)−P(M)(jk)|2 dk, ✭✹✳✶✵✮
✾✇❤❡r❡ w(k) ✐s ❛ ♣♦s✐t✐✈❡ ✇❡✐❣❤t✐♥❣ ❢✉♥❝t✐♦♥✳
❈♦♥s✐❞❡r t❤❡ ♠❡❛s✉r❡♠❡♥t ♠♦❞❡❧ ❛s P(jk) = f(k) + g(k)n(k)✱ ✇❤❡r❡ f(k)
❛♥❞ g(k) ❛r❡ ❣✐✈❡♥✱ ❛♥❞ n(k) ✐s ✉♥❝♦rr❡❧❛t❡❞ ❝♦♠♣❧❡① ●❛✉ss✐❛♥ ♥♦✐s❡ ✇✐t❤ ✈❛r✐✲
❛♥❝❡ σ2n✳ ❍❡♥❝❡✱ t❤❡ ✈❛r✐❛♥❝❡ ♦❢ t❤❡ ✉♥❝♦rr❡❧❛t❡❞ ♠❡❛s✉r❡♠❡♥t ♥♦✐s❡ ✐s |g(k)|2σ2n
❛♥❞ t❤❡ ♣r♦♣❡r ✇❡✐❣❤t✐♥❣ ❢✉♥❝t✐♦♥ ✐♥ ❛ ▼❛①✐♠✉♠ ▲✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t✐♦♥ ❬✶✺❪ ✐s
w(k) = |g(k)|−2✱ ❛♥❞ ♣❛rt✐❝✉❧❛r❧②✱ ✐♥ t❤❡ ♠❡t❤♦❞♦❧♦❣② ♦❢ t❤✐s ♣❛♣❡r ✇❡ ✜♥❞ t❤❛t
w(k) = |g(k)|−2 = k|S21,emp|
2
4πd
, ✭✹✳✶✶✮
✇❤❡r❡ S21,emp ✐s t❤❡ s❝❛tt❡r✐♥❣ ♣❛r❛♠❡t❡r ❢♦r t❤❡ ❡♠♣t② s❡t✉♣ ✭s❡❡ ❙❡❝t✐♦♥ ✺✳✶ ❢♦r
♠♦r❡ ❞❡t❛✐❧s✮✳
✺ ❊①♣❡r✐♠❡♥t❛❧ ▼❡t❤♦❞♦❧♦❣②
❚❤❡ ♠❡t❤♦❞♦❧♦❣② ✉s❡❞ t♦ ✐❧❧✉str❛t❡ t❤❡ s✉♠ r✉❧❡ ✐s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✳ ❆
♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡ ✐s ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❞②♥❛♠✐❝ ♣r♦♣❡rt✐❡s✱ ❛♥❞ ❛ ♣❛r❛❧❧❡❧
♣❧❛t❡ ❝❛♣❛❝✐t♦r ✐s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ st❛t✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❛♥ ♦❜❥❡❝t✳
✺✳✶ P❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡
❆ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡ ✐s ✉s❡❞ t♦ t❡st t❤❡ s❝❛tt❡r✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ ❞✐✛❡r❡♥t ♦❜✲
❥❡❝ts✳ ❚✇♦ ✐♥✲❤♦✉s❡ ❢❛❜r✐❝❛t❡❞ ✇✐❞❡✲❜❛♥❞ ❚❊▼ ❤♦r♥ ❛♥t❡♥♥❛s ❛r❡ ♣❧❛❝❡❞ ✐♥s✐❞❡
t❤❡ ✇❛✈❡❣✉✐❞❡ ❛♥❞ ❛r❡ ❢❡❞ ✈✐❛ t❤❡ ❧♦✇❡r ♣❧❛t❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸❛✳ ❚❤❡ ❛♥t❡♥♥❛s
❛r❡ s❡♣❛r❛t❡❞ ❜② ❛ ❞✐st❛♥❝❡ ♦❢ 0.98m ❛♥❞ t❤❡ ♦❜❥❡❝t ✐s ♣❧❛❝❡❞ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡
✇❛✈❡❣✉✐❞❡✳ ❚❤❡ ❚❊▼ ❤♦r♥ ❛♥t❡♥♥❛s ❛r❡ s✉♣♣♦rt❡❞ ❜② ❛ ♣✐❡❝❡ ♦❢ ❘♦❤❛❝❡❧❧ ♠❛t❡r✐❛❧
✇✐t❤ r❡❧❛t✐✈❡ ♣❡r♠✐tt✐✈✐t②✱ ǫr ≈ 1✳ ▼✐❝r♦✇❛✈❡ ✢❛t ❛❜s♦r❜❡rs ❛r❡ ♣❧❛❝❡❞ ❛r♦✉♥❞ t❤❡
✇❛✈❡❣✉✐❞❡ t♦ r❡❞✉❝❡ t❤❡ ✐♥t❡r♥❛❧ r❡✢❡❝t✐♦♥s ❛♥❞ ❡①t❡r♥❛❧ ✐♥t❡r❢❡r❡♥❝❡s✳ ❚❤❡ s❡♣❛✲
r❛t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ♣❧❛t❡s ✐s 21.3mm✱ ✇❤✐❝❤ ❣✐✈❡s t❤❡ ✜rst ❤✐❣❤❡r ♦r❞❡r ♠♦❞❡ ❛t
f ≈ 7GHz✳
■♥ ♦r❞❡r t♦ ♠❡❛s✉r❡ t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣✱ t❤❡ s❝❛tt❡r❡❞ ✜❡❧❞✱ Es✱ ✐s ❞❡t❡r♠✐♥❡❞
❢r♦♠ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✜❡❧❞s ✐♥ t❤❡ ♣r❡s❡♥❝❡ ❛♥❞ t❤❡ ❛❜s❡♥❝❡ ♦❢ t❤❡ ♦❜❥❡❝t✳
❲❡ ❝♦♥s✐❞❡r ❛ ♣❧❛♥❡ ✇❛✈❡ ✐♥❝✐❞❡♥❝❡✱ Ei(r) = E0e
−jkxx✱ t♦ ❛♥ ♦❜❥❡❝t ❝♦♥✜♥❡❞ ❜❡t✇❡❡♥
t❤❡ ♣❧❛t❡s✳ ❚❤❡ ❝♦✲♣♦❧❛r✐③❡❞ s❝❛tt❡r❡❞ ✜❡❧❞ ✐♥ t❤❡ ❢❛r✲✜❡❧❞ r❡❣✐♦♥ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞
❛s
zˆ ·Es ∼ fs
√
2
πjkρ
e−jkρ. ✭✺✳✶✮
❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t✇♦ ❛♥t❡♥♥❛s ✐s ❞❡♥♦t❡❞ ❜② d ❛♥❞ t❤❡ s❡♣❛r❛t✐♦♥ ❜❡t✇❡❡♥
t❤❡ ♦❜❥❡❝t ❛♥❞ t❤❡ tr❛♥s♠✐tt✐♥❣ ❛♥t❡♥♥❛ ✐s d1✳ ❚❤❡ s❝❛tt❡r❡❞ ✜❡❧❞ r❡❝❡✐✈❡❞ ❜② t❤❡
❛♥t❡♥♥❛ ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ t❤❡ ♦❜❥❡❝t ✐s
Er,0 = f0
√
2
πjkd
e−jkd, ✭✺✳✷✮
✶✵
TEM Horn antenna
ObjectAbsorbers 21.3 mm
a) b)
❋✐❣✉r❡ ✸✿ ❛✮ ❚❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡ s❡t✉♣ ❝♦♥s✐sts ♦❢ t✇♦ ❚❊▼ ❤♦r♥ ❛♥t❡♥♥❛s
❛♥❞ ♠✐❝r♦✇❛✈❡ ✢❛t ❛❜s♦r❜❡rs✳ ❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛♥t❡♥♥❛s ✐s 98 cm ❛♥❞
t❤❡ ♦❜❥❡❝t ✐s ♣❧❛❝❡❞ ❛t t❤❡ ♠✐❞♣♦✐♥t ❜❡t✇❡❡♥ t❤❡ ❛♥t❡♥♥❛s✳ ❚❤❡ t✇♦ ♣❧❛t❡s ❛r❡
150 × 100 cm2 ❛♥❞ s❡♣❛r❛t❡❞ ❜② 21.3mm✳ ❜✮ ❚❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r s❡t✉♣
❝♦♥s✐sts ♦❢ t✇♦ ❝✐r❝✉❧❛r ❝♦♣♣❡r ♣❧❛t❡s ❤❡❧❞ ❜② ♣❧❛st✐❝ ❛r♠s✳ ❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥
t❤❡ ♣❧❛t❡s ✐s 21.3 mm ❛♥❞ ✐s ✜①❡❞ ❜② ♣❧❛st✐❝ ❞✐st❛♥❝❡ s✉♣♣♦rts
✇❤❡r❡ f0 ✐s t❤❡ ❢❛r✲✜❡❧❞ ❛♠♣❧✐t✉❞❡ ❣❡♥❡r❛t❡❞ ❜② t❤❡ tr❛♥s♠✐tt✐♥❣ ❛♥t❡♥♥❛✳ ❚❤❡
♦❜❥❡❝t ✐s ❛ss✉♠❡❞ t♦ ❜❡ ✐♥ t❤❡ ❢❛r✲✜❡❧❞ ♦❢ t❤❡ ❛♥t❡♥♥❛ ❛♥❞ t❤✉s t❤❡ ❢❛r✲✜❡❧❞ ❛♠♣❧✐t✉❞❡
❛t t❤❡ ♦❜❥❡❝t ✐s ❛❧s♦ f0✳
❚❤❡ ✐♥❝✐❞❡♥t ✜❡❧❞ ♦♥ t❤❡ ♦❜❥❡❝t ✐s ❣✐✈❡♥ ❜②
E0 = f0
√
2
πjkd1
e−jkd1 . ✭✺✳✸✮
❚❤✐s ❡❧❡❝tr✐❝ ✜❡❧❞ ✐♥❞✉❝❡s ❝✉rr❡♥ts ♦♥ t❤❡ ♦❜❥❡❝t ❛♥❞ ✐t ❛❝ts ❛s ❛ s❝❛tt❡r❡r✳ ❚❤❡
r❡s✉❧t✐♥❣ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦♥ t❤❡ r❡❝❡✐✈✐♥❣ ❛♥t❡♥♥❛ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ♦❜❥❡❝t ✐s
❞❡♥♦t❡❞ ❜② Er,s ❛♥❞ t❤✉s t❤❡ s❝❛tt❡r❡❞ ✜❡❧❞ ♦❢ t❤❡ ♦❜❥❡❝t ✐ts❡❧❢ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s
Es = Er,s − Er,0✳ ❆❝❝♦r❞✐♥❣ t♦ ✭✷✳✾✮✱ t❤❡ ♣♦s✐t✐✈❡ r❡❛❧ ❢✉♥❝t✐♦♥ ✐s ❞❡✜♥❡❞ ❛s
Pb(jk) =
−4fs
jkE0
=
4
jk
(
1− Er,s
Er,0
)√
πjkd1(d− d1)
2d
, ✭✺✳✹✮
✇❤❡r❡ Pb ❞❡♥♦t❡s t❤❡ P❘ ❞❡✜♥❡❞ ✐♥ ✭✸✳✶✮ ♥♦r♠❛❧✐③❡❞ ✇✐t❤ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ✇❛✈❡❣✲
✉✐❞❡✱ ✐✳❡✳✱ Pb = P/b✱ ❛♥❞ t❤✐s ❝❛♥ ❜❡ ❛♣♣r♦①✐♠❛t❡❞ ❜②✿
Pb(jk) =
−4fs
jkE0
=
4
jk
(
1− S21,obj
S21,emp
)√
πjkd1(d− d1)
2d
, ✭✺✳✺✮
✇❤❡r❡ S21,obj ✐s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ♦✉t✲❝♦♠✐♥❣ ✇❛✈❡ ❛t t❤❡ ♣♦rt ♦❢ t❤❡ r❡❝❡✐✈✐♥❣
❛♥t❡♥♥❛ ❛♥❞ t❤❡ ✐♥❝✐❞❡♥t ✇❛✈❡ ❛t t❤❡ ♣♦rt ♦❢ t❤❡ tr❛♥s♠✐tt✐♥❣ ❛♥t❡♥♥❛ ✐♥ t❤❡ ♣r❡s❡♥❝❡
♦❢ t❤❡ ♦❜❥❡❝t✳ ❋♦r t❤❡ ♣❡r✐♦❞✐❝ str✉❝t✉r❡s ❞✐s❝✉ss❡❞ ✐♥ ✷✳✶✱ ✇❡ ✉s❡ t❤❡ t♦♣ ❡q✉❛t✐♦♥
✐♥ ✭✸✳✶✮ t♦ ✜♥❞ t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣✱ P✱ ✇❤❡r❡ t❤❡ tr❛♥s♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t ✐s
❞❡✜♥❡❞ ❛s T = S21,obj/S21,emp✳
✶✶
✺✳✷ P❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r
❚❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r ❝♦♥s✐sts ♦❢ t✇♦ ❝✐r❝✉❧❛r s❤❛♣❡❞ ❝♦♣♣❡r s❤❡❡ts ♣r✐♥t❡❞
♦♥ ❛ ❞✐❡❧❡❝tr✐❝ s✉❜str❛t❡ ♠❛❞❡ ♦❢ ❋❘✹ s✉❜str❛t❡ ✇✐t❤ r❡❧❛t✐✈❡ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t✱
ǫr ≈ 4.4✱ ❛♥❞ ✐s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♣♦❧❛r✐③❛❜✐❧✐t② ✭s❡❡ ❋✐❣✳ ✸❜✮✳ ❆ ❋❛r❛❞❛② ❝❛❣❡✱
❛♥❞ ❛ ❣r♦✉♥❞ ♣❧❛♥❡✱ ❛r❡ ✉s❡❞ t♦ ♠✐t✐❣❛t❡ ✐♥t❡r❢❡r❡♥❝❡ ❛♥❞ ❝✉rr❡♥t ✢♦✇s ❜❡t✇❡❡♥
❞✐✛❡r❡♥t ❣r♦✉♥❞s ✐♥ t❤❡ s②st❡♠✳ ❆♥ ❆❣✐❧❡♥t ✹✷✾✹❆ Pr❡❝✐s✐♦♥ ■♠♣❡❞❛♥❝❡ ❆♥❛❧②③❡r
✐s ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❛t f = 1MHz✳
❚❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❝❤❛♥❣❡ ❛♥❞ t❤❡ ♣♦❧❛r✐③❛❜✐❧✐t② ♦❢ ❛ ❜♦✉♥❞❡❞
♦❜❥❡❝t ✐♥s✐❞❡ t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r ✐s ❣✐✈❡♥ ❜② ❬✶✻❪
γe = zˆ · γe · zˆ =
∆Cd2
ǫ0
, ✭✺✳✻✮
✇❤❡r❡ ∆C = C0 − Ce ✐s t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✐♥ ♣r❡s❡♥❝❡✱ C0✱
❛♥❞ t❤❡ ❛❜s❡♥❝❡✱ Ce✱ ♦❢ t❤❡ ♦❜❥❡❝t✱ d ✐s t❤❡ s❡♣❛r❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣❧❛t❡s ❛♥❞
ǫ0 ✐s t❤❡ ✈❛❝✉✉♠ ♣❡r♠✐tt✐✈✐t②✳ ❋♦r ❡❛❝❤ s❛♠♣❧❡ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s r❡♣❡❛t❡❞ ✶✵
t✐♠❡s t♦ ♠✐t✐❣❛t❡ t❤❡ ♣♦ss✐❜❧❡ ♣♦s✐t✐♦♥✐♥❣ ♦r ❞✐st❛♥❝❡ ❡rr♦rs✳ ❆s s❡❡♥ ✐♥ ❋✐❣✳ ✸❜✱ s✐①
♣❧❛st✐❝ ❞✐st❛♥❝❡ ♣r❡❝✐s✐♦♥s ❛r❡ ♣❧❛❝❡❞ ♦♥ t❤❡ ❡❞❣❡s ♦❢ t❤❡ ♣❧❛t❡s t♦ ❦❡❡♣ t❤❡ ❞✐st❛♥❝❡
❝♦♥st❛♥t ✐♥ ❞✐✛❡r❡♥t ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ s❡♣❛r❛t✐♦♥ ❞✐st❛♥❝❡✱ d = 21.3mm✱ ✐s t❤❡
s❛♠❡ ❛s t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡ ❛♥❞ t❤❡ ♦❜❥❡❝ts ✭♠♦r❡ ❞❡t❛✐❧s ✐♥
❙❡❝t✐♦♥ ✻✮✳
✻ ❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts
■♥ t❤✐s s❡❝t✐♦♥✱ ❢♦✉r ❞✐✛❡r❡♥t s❝❛tt❡r✐♥❣ ♦❜❥❡❝ts ❛r❡ ❝♦♥s✐❞❡r❡❞ t♦ ✐❧❧✉str❛t❡ t❤❡ ❢♦r✲
✇❛r❞ s❝❛tt❡r✐♥❣ s✉♠ r✉❧❡✳ ■♥ ❡❛❝❤ ❝❛s❡✱ t❤❡ ❞②♥❛♠✐❝ ♠❡❛s✉r❡♠❡♥t ✐♥ t❤❡ ♣❛r❛❧❧❡❧
♣❧❛t❡ ✇❛✈❡❣✉✐❞❡ ✐s s❤♦✇♥✳ ❚❤❡♥ ❝♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥ ✐s ❛♣♣❧✐❡❞ t♦ ♣r❡❞✐❝t t❤❡ ❧♦✇
❢r❡q✉❡♥❝② ❧✐♠✐ts ❛♥❞ ✐s ❢♦❧❧♦✇❡❞ ❜② t❤❡ st❛t✐❝ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ♦❜❥❡❝t ✐♥s✐❞❡ t❤❡
♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r✳ ❚❤❡ st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t② ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ✈❛r✐❛t✐♦♥s ♦❢
t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛❜s❡♥❝❡ ❛♥❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ♦❜❥❡❝t ♣❧❛❝❡❞ ✐♥ t❤❡
♠✐❞❞❧❡ ♦❢ t❤❡ ♣❧❛t❡s✳ ❚❤❡ st❛t✐❝ r❡s✉❧ts ❛r❡ t❤❡♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥
❝♦♠♣✉t❡❞ ❢r♦♠ t❤❡ ❞②♥❛♠✐❝ ♠❡❛s✉r❡♠❡♥ts ✐♥ t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡✳
✻✳✶ ❈②❧✐♥❞r✐❝❛❧ ❙❘❘
❆ ❝②❧✐♥❞❡r ♦❢ s♣❧✐t r✐♥❣ r❡s♦♥❛t♦rs ✭❙❘❘✮ ❝♦♠♣♦s❡❞ ♦❢ ✶✻ ❙❘❘s ❡t❝❤❡❞ ✐♥ 18µm
❝♦♣♣❡r ❛♥❞ s✉♣♣♦rt❡❞ ❜② ❛ 21 × 160mm2 ❛♥❞ 127µm t❤✐❝❦ ❆r❧♦♥ ❉✐❝❧❛❞✽✽✵ ✇✐t❤
r❡❧❛t✐✈❡ ♣❡r♠✐tt✐✈✐t②✱ ǫr = 2.17✱ ✐s ✉s❡❞✳ ❚❤❡ ❈✲s❤❛♣❡❞ ✉♥✐t ❡❧❡♠❡♥t ❤❛s t❤❡ ♦✉t❡r
❞✐❛♠❡t❡r ℓ = 8mm✱ t❤❡ str✐♣ ✇✐❞t❤ t = 0.5mm✱ ❛♥❞ t❤❡ ❣❛♣ ❞✐st❛♥❝❡ g = 0.7mm✳
❚❤❡ ✉♥✐t ❡❧❡♠❡♥t ✐s ❞❡s✐❣♥❡❞ t♦ ❜❡ r❡s♦♥❛♥t ❛t 5.5GHz✳
❚❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ ♦❢ t❤✐s ♦❜❥❡❝t ✐s ♠❡❛s✉r❡❞ ✐♥s✐❞❡ t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✲
✉✐❞❡ ♦✈❡r t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ [2 − 20]GHz✳ ❚❤❡ r❡s✉❧t✐♥❣ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣✱ P✱
✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✳ ✹❛✳ ❙♦❧✐❞ ❧✐♥❡s s❤♦✇ t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡s ❛✈❡r❛❣❡❞ ♦✈❡r ✶✵
♠❡❛s✉r❡♠❡♥ts t♦ r❡❞✉❝❡ t❤❡ ♥♦✐s❡ ❧❡✈❡❧✱ ✇❤❡r❡❛s t❤❡ ❡rr♦r ❧❡✈❡❧ ✐s s❤♦✇♥ ✇✐t❤ ❜❛rs✳
✶✷
❆✈❡r❛❣✐♥❣ ❤❛s t❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ r❡♠♦✈✐♥❣ t❤❡ ✉♥✇❛♥t❡❞ ♠❡❛s✉r❡♠❡♥t ❡rr♦rs ❡s♣❡✲
❝✐❛❧❧② ❛t ❧♦✇ ❢r❡q✉❡♥❝✐❡s✱ ✇❤✐❝❤ ❤❛✈❡ t❤❡ ❤✐❣❤❡st ✐♠♣❛❝t ♦♥ ❞❡t❡r♠✐♥✐♥❣ t❤❡ ❧♦✇
❢r❡q✉❡♥❝② ❧✐♠✐t ♦♥ t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ♦❢ t❤❡ s✉♠ r✉❧❡ ✭✸✳✸✮✳ ❊①❝❡♣t ❢♦r t❤❡ ❢r❡q✉❡♥✲
❝✐❡s ❜❡❧♦✇ 3GHz✱ t❤❡ s❡t✲✉♣ ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ st❛❜❧❡ ♦✈❡r ❞✐✛❡r❡♥t ♠❡❛s✉r❡♠❡♥ts
❛♥❞ ❛s s❡❡♥ ❢r♦♠ ❋✐❣✳ ✹❛ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❡rr♦rs ❛r❡ s♠❛❧❧✱ ❤❡♥❝❡ ❢♦r ❝❧❛r✐t② ✇❡ ❞♦
♥♦t s❤♦✇ t❤❡ ❜❛rs ✐♥ ✜❣✉r❡s ✹❜−✻❛✳
❈♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥ ✐s ✉s❡❞ t♦ ❝♦♠♣✉t❡ ❛♥ ❛❧❧✲s♣❡❝tr✉♠ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡
♠❡❛s✉r❡❞ ✈❛❧✉❡s ❛❝❝♦r❞✐♥❣ t♦ ❙❡❝t✐♦♥ ✹✳ ❚❤❡ ❞❛s❤❡❞ ❝✉r✈❡s ✐♥ ❋✐❣✳ ✹❜ s❤♦✇ t❤❡ r❡❛❧
❛♥❞ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ ♣r❡❞✐❝t❡❞ ❜② t❤❡ ❝♦♥✈❡① ♦♣t✐♠✐③❛✲
t✐♦♥ ♣r♦❜❧❡♠✳ ❙✐♥❝❡ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ❛♣♣r♦❛❝❤❡s f = 0Hz ❧✐♥❡❛r❧②✱ ✐t ❝❛♥ ❜❡ ✉s❡❞
t♦ ❡st✐♠❛t❡ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❧✐♠✐t ✐♥ ✭✸✳✸✮ ❛❝❝✉r❛t❡❧②✳ ❯s✐♥❣ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ s♦❧✉✲
t✐♦♥✱ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❧✐♥❡❛r s❧♦♣❡ ♦❢ t❤❡ ❝✉r✈❡ ✐s ❡st✐♠❛t❡❞ t♦ P(jk)/jk = 3.4 cm3 ❛s
k → 0 ❛♥❞ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ✐♥t❡❣r❛❧ ✭✸✳✸✮ ❢r♦♠ 0 t♦ 20GHz ✐s 2.87 cm3 ✇❤✐❝❤ ❣✐✈❡s
88% ♦❢ t❤❡ ✐♥t❡❣r❛❧ ♦✈❡r ❛❧❧ ✇❛✈❡❧❡♥❣t❤s✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t t❤❡ ✉♣♣❡r ❜♦✉♥❞✱
γu✱ ✐♥ ✭✹✳✾✮ ❤❛s ❜❡❡♥ ❝❤♦s❡♥ ✉s✐♥❣ ❛ s❡❛r❝❤ ♦✈❡r ❛♥ ❛ss✉♠❡❞ r❛♥❣❡ ♦❢ ♣♦❧❛r✐③❛❜✐❧✐t✐❡s
✐♥ ♦r❞❡r t♦ ♠❛❦❡ s✉r❡ t❤❛t t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦♥str❛✐♥t ✐s ❛❝t✐✈❡✳
❚❤❡ s♦❧✐❞ ❧✐♥❡s ✐♥ ❋✐❣✳ ✹❜ r❡♣r❡s❡♥t t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡s✳ ❇② ✐♥t❡❣r❛t✐♥❣ t❤❡
t♦t❛❧ ❝r♦ss s❡❝t✐♦♥✱ σtot = ReP✱ ♦✈❡r t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t✱ ✇❡
❣❡t 2.75 cm3 ✇❤✐❝❤ ✐s ❧❡ss t❤❛♥ t❤❡ ✈❛❧✉❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❝♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥
♣r♦❜❧❡♠✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❛t✱ ✜rst✱ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❤❛s t❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ ♥❡❣❧❡❝t✐♥❣
♥❡❣❛t✐✈❡ ♣❛rts ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t σtot ❝❛♥♥♦t ❜❡ ❧❡ss t❤❛♥ ③❡r♦✱ ❛♥❞ s❡❝♦♥❞✱ t❤❡
✐♥t❡❣r❛t✐♦♥ ✐♥ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❢♦r♠✉❧❛t✐♦♥ st❛rts ❢r♦♠ f = 0Hz ❛❝❝♦r❞✐♥❣ t♦ ✭✸✳✸✮✱
✇❤❡r❡❛s ✐♥ ♠❡❛s✉r❡♠❡♥ts✱ ✐t st❛rts ❢r♦♠ f = 2GHz✳
❚❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r ✐s ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t② ♦❢ t❤❡
♦❜❥❡❝t✳ ❚❤❡ r❡s✉❧t✐♥❣ ✈❛❧✉❡ ❛✈❡r❛❣❡❞ ♦✈❡r ✶✵ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✱
σ = 0.04 cm3✱ ✐s ❡st✐♠❛t❡❞ t♦ γe = 3.65 cm
3✳ ❚❤✐s ✐s ✐♥ ❛ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤
❧♦✇ ❢r❡q✉❡♥❝② ❧✐♠✐t✱ P(jk)/jk = 3.4 cm3 ❛s k → 0✱ ❢r♦♠ t❤❡ ❞②♥❛♠✐❝ ♠❡❛s✉r❡♠❡♥t
✐♥s✐❞❡ t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡✳ ❙✐♥❝❡ t❤❡ ♠❡❛s✉r❡❞ ❝❛♣❛❝✐t❛♥❝❡s ✐♥ t❤❡ ❝❛♣❛❝✐t♦r
❛r❡ ✐♥ t❤❡ ♦r❞❡r ♦❢ ♣✐❝♦❢❛r❛❞s✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❝❛♥ st❡♠ ❢r♦♠ s♠❛❧❧ ❡rr♦rs ✐♥ t❤❡
♠❡❛s✉r❡♠❡♥t s❡t✲✉♣✳
❆ ❝✉❜♦✐❞✲s❤❛♣❡❞ 21 × 120mm2 ❆r❧♦♥ ❉✐❝❧❛❞ ✽✽✵ ✐s ✉s❡❞ t♦ s✉♣♣♦rt ✽ ❙❘❘s
❤❛✈✐♥❣ t❤❡ s❛♠❡ ❞✐♠❡♥s✐♦♥s ❛s ✐♥ t❤❡ ♣r❡✈✐♦✉s ❡①❛♠♣❧❡✳ ❚❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣
♠❡❛s✉r❡♠❡♥t ♦❢ t❤✐s ♦❜❥❡❝t ✐s s❤♦✇♥ ❛s s♦❧✐❞ ❝✉r✈❡s ✐♥ ❋✐❣✳ ✺❛✳ ❆s ❝❛♥ ❜❡ s❡❡♥✱ t❤✐s
str✉❝t✉r❡ ❤❛s ❛ str♦♥❣❡r r❡s♦♥❛♥❝❡ ❝♦♠♣❛r❡❞ t♦ ❝②❧✐♥❞r✐❝❛❧ ♦♥❡s✱ ✇❤✐❝❤ ✐s ❞✉❡ t♦ t❤❡
❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡ ❛♥❞ ♠✉t✉❛❧ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ ❡❧❡♠❡♥ts✳ ■♥ s♣✐t❡ ♦❢ t❤✐s✱ t❤❡ s✐③❡ ♦❢
t❤❡ ♦❜❥❡❝t ✐s s♠❛❧❧❡r ✇❤✐❝❤ ❧❡❛❞s t♦ ❛ ♥❛rr♦✇❡r ❜❛♥❞✇✐❞t❤ ❛♥❞ ❛ ❧♦✇❡r ✐♥t❡❣r❛❧ ✈❛❧✉❡
✐♥ ✭✸✳✸✮✳ ❚❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡ ❢r♦♠ 2 t♦ 20GHz ❣✐✈❡s 3.10 cm3
❛♥❞ t❤❡ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ❢r♦♠ 0 t♦ 20GHz ❣✐✈❡s 3.07 cm3✱ ✇❤✐❝❤ ✐s ❡ss❡♥t✐❛❧❧② t❤❡
s❛♠❡ ❛♥❞ ✐t s❤♦✇s t❤❡ ❣♦♦❞ ❛❣r❡❡♠❡♥t ❜❡t✇❡❡♥ t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡s ❛♥❞ t❤❡ ❝♦♥✈❡①
♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠✳ ❚❤❡ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ❣✐✈❡s P(jk)/jk = 3.57 cm3 ❛s k → 0
✇❤✐❧❡ t❤❡ ❛❝❤✐❡✈❡❞ ♣♦❧❛r✐③❛❜✐❧✐t② ❢r♦♠ t❤❡ ❝❛♣❛❝✐t♦r ✐s ❡st✐♠❛t❡❞ t♦ γe = 3.53 cm
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❋✐❣✉r❡ ✹✿ ❛✮❆✈❡r❛❣❡ ♦❢ t❤❡ ✶✵ ♠❡❛s✉r❡♠❡♥ts ✭s♦❧✐❞ ❝✉r✈❡s✮ ❢♦r t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣
❢♦r ❛♥ ❛rr❛② ♦❢ ❝✐r❝✉❧❛r s♣❧✐t r✐♥❣s✱ s❡❡ ❋✐❣✳ ✹❜✳ ▼❛①✐♠✉♠ ❛♥❞ ♠✐♥✐♠✉♠ ✈❛❧✉❡s ♦✈❡r
t❤❡ ✶✵ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ✐❧❧✉str❛t❡❞ ❜② t❤❡ ❜❛rs✳ ❜✮ ▼❡❛s✉r❡❞ ✈❛❧✉❡s ✭s♦❧✐❞ ❝✉r✈❡s✮
❛♥❞ t❤❡ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ✭❞❛s❤❡❞ ❝✉r✈❡s✮ ❢♦r t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ ♦❢ ❛ ❝②❧✐♥❞❡r ♦❢
s♣❧✐t r✐♥❣ r❡s♦♥❛t♦r ✇✐t❤ t❤❡ ❞✐❛♠❡t❡r ♦❢ ✉♥✐t ❡❧❡♠❡♥t✱ ℓ = 8mm✳
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❋✐❣✉r❡ ✺✿ ❛✮ ▼❡❛s✉r❡❞ ✈❛❧✉❡s ✭s♦❧✐❞ ❝✉r✈❡s✮ ❛♥❞ t❤❡ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ✭❞❛s❤❡❞
❝✉r✈❡s✮ ❢♦r t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ ♦❢ ❛✮ ❛ ❝✉❜❡ ♦❢ ❙❘❘s ✇✐t❤ t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡
✉♥✐t ❡❧❡♠❡♥t✱ ℓ = 8mm ❛♥❞ ❜✮ ❛ ❝✉❜♦✐❞✲s❤❛♣❡❞ ❙❘❘ str✉❝t✉r❡ ✐♥s✐❞❡ ❛ ❝②❧✐♥❞❡r ♦❢
s♣❧✐t r✐♥❣ r❡s♦♥❛t♦rs ✇✐t❤ t❤❡ ❞✐❛♠❡t❡r ♦❢ ✉♥✐t ❡❧❡♠❡♥t✱ ℓ = 8mm✳
✶✹
✻✳✷ ❈②❧✐♥❞r✐❝❛❧ ❛♥❞ ❈✉❜✐❝ ❙❘❘s
❈♦♥s✐❞❡r ❛♥ ♦❜❥❡❝t ❝♦♠♣♦s❡❞ ♦❢ ❛ ❝②❧✐♥❞r✐❝❛❧✲ ❛♥❞ ❛ ❝✉❜♦✐❞✲s❤❛♣❡❞ str✉❝t✉r❡ ♦❢ ❙❘❘s
✭s❡❡ ❋✐❣✳ ✺❜✮✳ ❆s ❝❛♥ ❜❡ s❡❡♥✱ t❤❡ ♦❜❥❡❝t ✐s t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t✇♦ str✉❝t✉r❡s ✐♥ t❤❡
❊①❛♠♣❧❡ ❆✳ ❚❤❡ r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝② ♦❢ t❤✐s ♦❜❥❡❝t ✐s t❤❡ s❛♠❡ ❛s t❤❡ ❊①❛♠♣❧❡ ❆✳
❍♦✇❡✈❡r✱ t❤❡ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ s♣❧✐t r✐♥❣ r❡s♦♥❛t♦rs ❝❛✉s❡s ❛ ✇✐❞❡r ❜❛♥❞✇✐❞t❤ ❛♥❞
str♦♥❣❡r s❝❛tt❡r✐♥❣ ❛t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✳ ❚❤❡ ❧♦✇❡r ❧❡❢t ♣❛rt ♦❢ ❋✐❣✳ ✺❜ ✐❧❧✉str❛t❡s ❛
st❡❡♣❡r s❧♦♣❡ ♦❢ t❤❡ ImP(jk) ❝♦♠♣❛r❡❞ t♦ t❤❛t ✐♥ ❋✐❣✳ ✹❜ ❛♥❞ ❋✐❣✳ ✺❛✳
❚❤❡ ❝♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥ ❡st✐♠❛t❡s t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❛s②♠♣t♦t✐❝ t♦ 6.51 cm3 ❛s
k → 0 ❛♥❞ t❤❡ ❧❡❢t ❤❛♥❞ s✐❞❡ ♦❢ t❤❡ s✉♠ r✉❧❡ ✭✸✳✸✮ ✐♥t❡❣r❛t❡❞ ❢r♦♠ 0 t♦ 20GHz t♦
5.58 cm3✳ ❚❤❡ ✐♥t❡❣r❛t❡❞ ✈❛❧✉❡ ♦❢ t❤❡ ReP(jk) ❢r♦♠ ♠❡❛s✉r❡♠❡♥t ❣✐✈❡s 5.53 cm3
✇❤✐❝❤ ✐s ❧❡ss t❤❛♥ t❤❡ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥✱ ❛♥❞ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❊①❛♠♣❧❡ ❆✱ t❤❡ s②s✲
t❡♠ ♥♦✐s❡ ❝❛✉s❡s ♥❡❣❛t✐✈❡ ♣❛rts ✐♥ t❤❡ ♠❡❛s✉r❡❞ s✐❣♥❛❧ ✇❤✐❝❤ ✐♥ t✉r♥ ❞❡❝r❡❛s❡s t❤❡
✐♥t❡❣r❛❧ ✈❛❧✉❡✳ ❯s✐♥❣ t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r✱ t❤❡ ♣♦❧❛r✐③❛❜✐❧✐t② ✐s ❞❡t❡r♠✐♥❡❞
t♦ γe = 7.03 cm
3✳ ❚❤❡ s✉♠ ♦❢ t❤❡ ♣♦❧❛r✐③❛❜✐❧✐t✐❡s ♦❢ t✇♦ ♦❜❥❡❝ts ✐♥ ❊①❛♠♣❧❡ ❆ ✐s
3.53 + 3.65 = 7.18 cm3 ✇❤✐❝❤ ✐s s✐♠✐❧❛r t♦ t❤❡ ♣♦❧❛r✐③❛❜✐❧✐t② ♦❢ t❤✐s ❡①❛♠♣❧❡✳ ❚❤✐s
✈❡r✐✜❡s t❤❡ ❛❞❞✐t✐✈❡ ♣r♦♣❡rt② ♦❢ t❤❡ ♣♦❧❛r✐③❛❜✐❧✐t② ✐♥ t❤❡ st❛t✐❝ ❧✐♠✐t✳
✻✳✸ ❉♦✉❜❧❡ ❘❡s♦♥❛♥❝❡ ❙tr✉❝t✉r❡
■♥ ❋✐❣✳ ✻❛✱ t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ ♦❢ ❛ ❞♦✉❜❧❡ r❡s♦♥❛♥t str✉❝t✉r❡✱ ❝♦♥s✐st✐♥❣ ♦❢ t❤❡
❝②❧✐♥❞r✐❝❛❧ ❙❘❘ ✐♥ ❊①❛♠♣❧❡ ❆ ❛♥❞ ❛♥ ✐♥✲❤♦✉s❡ ❢❛❜r✐❝❛t❡❞ ❙❘❘ str✉❝t✉r❡ s✉♣♣♦rt❡❞
❜② ❛ ❝✉❜♦✐❞✲s❤❛♣❡❞ ♣❧❛st✐❝✱ ✐s s❤♦✇♥ ❛s s♦❧✐❞ ❝✉r✈❡s✳ ❚❤❡ ✐♥✲❤♦✉s❡ ❢❛❜r✐❝❛t❡❞ str✉❝✲
t✉r❡ ✐s ❝♦♠♣♦s❡❞ ♦❢ 6 × 4✱ 1mm t❤✐❝❦ s♣❧✐t r✐♥❣ r❡s♦♥❛t♦rs t❤❛t ❡❛❝❤ ❤❛s ❛♥ ♦✉t❡r
❞✐❛♠❡t❡r ♦❢ 4.8mm ❛♥❞ ❛♥ ✐♥♥❡r ❞✐❛♠❡t❡r ♦❢ 4mm ✇✐t❤ ❛♥ ❛✐r ❣❛♣ ♦❢ 1× 1mm✳ ❆s
❝❛♥ ❜❡ s❡❡♥✱ t❤❡ ✜rst r❡s♦♥❛♥❝❡ ❛t f = 5.5GHz ✐s ❝❛✉s❡❞ ❜② t❤❡ ❝②❧✐♥❞r✐❝❛❧ ❙❘❘
str✉❝t✉r❡ ❛♥❞ t❤❡ s❡❝♦♥❞ r❡s♦♥❛♥❝❡ ❛t f = 9GHz r❡♣r❡s❡♥ts t❤❡ ✐♥✲❤♦✉s❡ ❢❛❜r✐❝❛t❡❞
♦❜❥❡❝t✳ ❚❤❡ ❝♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥ s♦❧✉t✐♦♥ ✐s s❤♦✇♥ ❛s ❞❛s❤❡❞ ❝✉r✈❡s✳ ❚❤❡ s❡❝♦♥❞
r❡s♦♥❛♥❝❡ ✐♥ ❋✐❣✳ ✻❛ ❤❛s ❛ ✇✐❞❡r r❡s♦♥❛♥❝❡ ❜❡❤❛✈✐♦r ✇❤✐❝❤ ✐s ♠❛✐♥❧② ❞✉❡ t♦ t❤❡
❞✐❡❧❡❝tr✐❝ s❝❛tt❡r✐♥❣ ❝♦♥tr✐❜✉t✐♦♥s ♦❢ t❤❡ ♣❧❛st✐❝ s✉♣♣♦rt✳
❚❤❡ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ❢r♦♠ t❤❡ ❝♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥ ❡st✐♠❛t❡s t❤❡ ♣♦❧❛r✐③❛❜✐❧✐t②
t♦ P(jk)/jk = 6.42 cm3 ❛s k → 0✱ ❛♥❞ t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦♥ ❧❡❢t ❤❛♥❞ s✐❞❡ ✐♥ ✭✸✳✸✮
♦✈❡r t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ f = [0 − 20]GHz ✐s ❡st✐♠❛t❡❞ t♦ 5.28 cm3 ✇❤✐❝❤ ✐s 88%
♦❢ t❤❡ ❧♦✇✲❢r❡q✉❡♥❝② ❛♣♣r♦①✐♠❛t✐♦♥✳ ❚❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ σtot ❢r♦♠ f = 2GHz t♦
f = 20GHz ❢r♦♠ ♠❡❛s✉r❡♠❡♥t ✐s 5.4 cm3✳ ❚❤❡ ❡❧❡❝tr✐❝ ♣♦❧❛r✐③❛❜✐❧✐t②✱ γe✱ ❢♦✉♥❞
❢r♦♠ t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r✱ ✐s 7.58 cm3✳
❚❤❡ r❡s✉❧ts ❢r♦♠ t❤✐s ❡①❛♠♣❧❡ ✐❧❧✉str❛t❡ t❤❛t r❡❣❛r❞❧❡ss ♦❢ t❤❡ s❤❛♣❡ ♦❢ t❤❡ s❝❛t✲
t❡r❡r ❛♥❞ ✐ts r❡s♦♥❛♥❝❡ ❜❡❤❛✈✐♦r✱ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ✐s ❛❧✇❛②s ❜♦✉♥❞❡❞ ❜② t❤❡
st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t②✳ ■♥ t❤✐s ♣❛rt✐❝✉❧❛r ❡①❛♠♣❧❡✱ t❤❡ str✉❝t✉r❡ ❝❛♥ ❜❡ ❞❡s✐❣♥❡❞ t♦
❤❛✈❡ ♠♦r❡ r❡s♦♥❛♥❝❡s ♦r ✇✐❞❡r ❜❛♥❞✇✐❞t❤✳ ❍♦✇❡✈❡r✱ ✐♥ ❡✐t❤❡r ❝❛s❡ t❤❡ t♦t❛❧ ✐♥t❡r❛❝✲
t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✜❡❧❞s ❛♥❞ t❤❡ ♦❜❥❡❝t ❛r❡ ❜♦✉♥❞❡❞ ❜② t❤❡ st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t② t❤❛t
✐s ♠❡❛s✉r❡❞ ✐♥ t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r✳
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❋✐❣✉r❡ ✻✿ ❛✮ ▼❡❛s✉r❡❞ ✈❛❧✉❡s ✭s♦❧✐❞ ❝✉r✈❡s✮ ❛♥❞ t❤❡ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ✭❞❛s❤❡❞
❝✉r✈❡s✮ ❢♦r t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ ♦❢ ❛ ✐♥✲❤♦✉s❡ ❢❛❜r✐❝❛t❡❞ ❝✉❜♦✐❞✲s❤❛♣❡❞ ❙❘❘ str✉❝✲
t✉r❡ ✐♥s✐❞❡ ❛ ❝②❧✐♥❞❡r ♦❢ s♣❧✐t r✐♥❣ r❡s♦♥❛t♦r ✇✐t❤ t❤❡ ❞✐❛♠❡t❡r ♦❢ ✉♥✐t ❡❧❡♠❡♥t✱
ℓ = 4.8mm ❢♦r t❤❡ ✐♥♥❡r ♦❜❥❡❝t ❛♥❞ ℓ = 8mm ❢♦r t❤❡ ♦✉t❡r ♦♥❡✳ ❜✮ ▼❡❛s✉r❡❞ ✈❛❧✉❡s
✭s♦❧✐❞ ❝✉r✈❡s✮ ❛♥❞ t❤❡ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ✭❞❛s❤❡❞ ❝✉r✈❡s✮ ❢♦r t❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ ♦❢
❛ ✐♥✲❤♦✉s❡ ❢❛❜r✐❝❛t❡❞ ♣❧❛♥❛r ♣❡r✐♦❞✐❝ str✉❝t✉r❡ ♦❢ s♣❧✐t r✐♥❣ r❡s♦♥❛t♦rs ✇✐t❤ 20mm
s♣❛❝✐♥❣ ❜❡t✇❡❡♥ ❡❛❝❤ t✇♦ ❡❧❡♠❡♥ts✳
✻✳✹ P❧❛♥❛r ♣❡r✐♦❞✐❝ str✉❝t✉r❡
■♥ ♦r❞❡r t♦ s❤♦✇ t❤❡ ♦♣t✐❝❛❧ t❤❡♦r❡♠ ❢♦r ♣❡r✐♦❞✐❝ str✉❝t✉r❡s ❞✐s❝✉ss❡❞ ✐♥ ✷✳✶✱ ✇❡
❝♦♥s✐❞❡r ❛ ♣❧❛♥❛r ♣❡r✐♦❞✐❝ str✉❝t✉r❡ ❝♦♥s✐st✐♥❣ ♦❢ s♣❧✐t r✐♥❣ r❡s♦♥❛t♦rs ❛tt❛❝❤❡❞ t♦ ❛
❙t②r♦❢♦❛♠ s❧❛❜ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✻❜✳ ❚❤❡ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ ♦❢ t❤❡ ♣❡r✐♦❞✐❝ str✉❝t✉r❡
✉s✐♥❣ ✭✷✳✹✮ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✻❜✳ ❙♦❧✐❞ ❧✐♥❡s s❤♦✇ t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡s ❛♥❞ t❤❡ ❞❛s❤❡❞
❧✐♥❡s ❛r❡ t❤❡ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ❢r♦♠ t❤❡ ❝♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠✳ ❈❤♦♦s✐♥❣ ❛♥
❛♣♣r♦♣r✐❛t❡ ✉♣♣❡r ❜♦✉♥❞ ♦♥ t❤❡ ♣♦❧❛r✐③❛❜✐❧✐t②✱ ✐✳❡✳, γu = 0.211 cm
3✱ ✐♥ ✭✹✳✾✮ t❤❡
st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t② ♣❡r ✉♥✐t ❝❡❧❧ ✐s ❡st✐♠❛t❡❞ t♦ P(jk)/jk = 0.208 cm3 ❛s k → 0✳
❚❤❡ ❧❡❢t ❤❛♥❞ s✐❞❡ ♦❢ t❤❡ s✉♠ r✉❧❡ ❜② ✐♥t❡❣r❛t✐♥❣ σtot/k
2 ✐s ❡st✐♠❛t❡❞ t♦ 0.158 cm3
❛♥❞ 0.111 cm3 ❢♦r t❤❡ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ❛♥❞ t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❯s✐♥❣
t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r✱ t❤❡ st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t② ✐s ♠❡❛s✉r❡❞ ♦✈❡r ✶✶✱ ✹ ❛♥❞ ✷
✉♥✐t ❝❡❧❧s s❡♣❛r❛t❡❧②✳ ❆❧❧ t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡s ♣r♦✈✐❞❡ s✐♠✐❧❛r r❡s✉❧ts ❢♦r ❛ ✉♥✐t ❝❡❧❧✱
✐✳❡✳✱ γe = 0.196± 0.001 cm3✳
✼ ❈♦♥❝❧✉s✐♦♥s
■♥ t❤✐s ♣❛♣❡r✱ ❛ s✉♠ r✉❧❡ ❢♦r ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡s ✐s ✐♥✈❡st✐❣❛t❡❞✳ ❲❡ ❤❛✈❡
❞❡♠♦♥str❛t❡❞ t❤❛t t❤❡ t♦t❛❧ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞ ❛♥❞ ❛
s❝❛tt❡r❡r✱ ✐♥t❡❣r❛t❡❞ ♦✈❡r ❛❧❧ ❢r❡q✉❡♥❝✐❡s✱ ✐s ❜♦✉♥❞❡❞ ❜② t❤❡ st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t② ♦❢
t❤❡ ♦❜❥❡❝t✳ ❲❡ s❤♦✇ t❤❛t t❤❡ ♦♣t✐❝❛❧ t❤❡♦r❡♠ ✐♥s✐❞❡ t❤❡ ✇❛✈❡❣✉✐❞❡ ✐s s♦❧❡❧② r❡❧❛t❡❞
t♦ t❤❡ ③❡r♦t❤ ♦r❞❡r ♣r♦♣❛❣❛t✐♥❣ ♠♦❞❡ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ♣r♦❜❧❡♠ ❝❛♥ ❜❡ tr❡❛t❡❞ ❛s ❛
✷❉ s❝❛tt❡r✐♥❣ ♣r♦❜❧❡♠✳ ❆ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡ ❤❛s ❜❡❡♥ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡
✶✻
t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ❛♥❞ ❛ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r t♦ ✜♥❞ t❤❡ st❛t✐❝ ♣♦❧❛r✐③❛❜✐❧✐t② ♦❢
✈❛r✐♦✉s r❡s♦♥❛♥t s❝❛tt❡r✐♥❣ ♦❜❥❡❝ts✳ ❚❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥ts ✐s ✐♠♣r♦✈❡❞
❜② ❛♣♣❧②✐♥❣ ❛ ❝♦♥✈❡① ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ t♦ ✐❞❡♥t✐❢② t❤❡ ♣❛ss✐✈❡ s②st❡♠✳ ❚❤❡ ❧❡❢t
❤❛♥❞ s✐❞❡ ♦❢ t❤❡ s✉♠ r✉❧❡ ❢r♦♠ ❞②♥❛♠✐❝ ♠❡❛s✉r❡♠❡♥ts ✐s ♦♥ t❤❡ ❛✈❡r❛❣❡ ❛❜♦✉t 80%
♦❢ t❤❡ ♣♦❧❛r✐③❛❜✐❧✐t② ✐♥ t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ♠❡❛s✉r❡❞ ✐♥ t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ❝❛♣❛❝✐t♦r✳
❆❝❦♥♦✇❧❡❞❣♠❡♥t
❚❤✐s ✇♦r❦ ✇❛s s✉♣♣♦rt❡❞ ✐♥ ♣❛rt ❜② ❙✇❡❞✐s❤ ❘❡s❡❛r❝❤ ❈♦✉♥❝✐❧ ✭❱❘✮ ❛♥❞ t❤❡ ❙✇❡❞✐s❤
❋♦✉♥❞❛t✐♦♥ ♦❢ ❙tr❛t❡❣✐❝ ❘❡s❡❛r❝❤ ✭❙❙❋✮✳
❆♣♣❡♥❞✐① ❆ ❈②❧✐♥❞r✐❝❛❧ ✇❛✈❡ ♠♦❞❡ ❡①♣❛♥s✐♦♥
❚❤❡ s❝❛tt❡r❡❞ ✜❡❧❞s ✐♥s✐❞❡ t❤❡ ♣❛r❛❧❧❡❧ ♣❧❛t❡ ✇❛✈❡❣✉✐❞❡ ❛r❡ ❞❡❝♦♠♣♦s❡❞ t♦ ❚❊ ❛♥❞
❚▼ ♠♦❞❡s✿
❚❊ ♠♦❞❡s :
{
Es = Eρρˆ+ Eφφˆ
Hs = Hρρˆ+Hφφˆ+Hzzˆ
❚▼ ♠♦❞❡s :
{
Es = Eρρˆ+ Eφφˆ+ Ezzˆ
Hs = Hρρˆ+Hφφˆ
❆❝❝♦r❞✐♥❣ t♦ ✭✷✳✻✮ ❛♥❞ ❋✐❣✳ ✶❝ ✱ nˆ = ρˆ✱ zˆ ·Es = ETMz ❛♥❞Hs× nˆ = −Hφzˆ ❢♦r ❜♦t❤
❚❊ ❛♥❞ ❚▼ ♠♦❞❡s✳ ❚❤✐s r❡❞✉❝❡s ✭✷✳✻✮ t♦
Ptot =
−1
2η0
Re
{
E∗0
∞∑
m=0
∞∑
n=0
b∫
0
2pi∫
0
ejkx
(
ETMz cosφ− η0(HTEφ +HTMφ )
)
ρ dφ dz
}
, ✭❆✳✶✮
✇❤❡r❡ t❤❡ ✐♥t❡❣r❛❧ ✐s ♦♥ ❛ ❝✐r❝✉❧❛r ❝②❧✐♥❞r✐❝❛❧ s✉r❢❛❝❡ ❞❡✜♥❡❞ ❜②
√
x2 + y2 = ρ =
❝♦♥st❛♥t✳ ❚❤❡ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ✜❡❧❞s ✐♥ ❝②❧✐♥❞r✐❝❛❧ ✇❛✈❡s ❢♦r t❤❡ ♠♥ ♠♦❞❡ ✐s ❣✐✈❡♥
❜② ❬✷❪
ETMz,mn(ρ, φ, z) = −jBmn
k2ρ
ωµǫ
H(2)m (kρρ) cos(mφ) cos(
nπ
b
z) ✭❆✳✷✮
HTMφ,mn(ρ, φ, z) = −Bmn
kρ
µ
H(2)′m (kρρ) cos(mφ) cos(
nπ
b
z) ✭❆✳✸✮
HTEφ,mn(ρ, φ, z) = jAmn
mnπ
ωµǫρh
H(2)m (kρρ) sin(mφ) cos(
nπ
b
z), ✭❆✳✹✮
✇❤❡r❡ m = (0, 1, ...) ✐s t❤❡ ✐♥❞❡① ❢♦r t❤❡ ❝②❧✐♥❞r✐❝❛❧ ✇❛✈❡ ❛♥❞ n ❢♦r t❤❡ ✇❛✈❡❣✉✐❞❡
♠♦❞❡s✱ Amn ❛♥❞ Bmn ❛r❡ t❤❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t ❡①♣❛♥s✐♦♥ ❝♦❡✣❝✐❡♥ts ❢♦r ❚❊
✭n❂✶✱✷✱✳✳✳✮ ❛♥❞ ❚▼ ✭n❂✵✱✶✱✳✳✳✮ ♠♦❞❡s✱ r❡s♣❡❝t✐✈❡❧② ❛♥❞ kρ =
√
k2 − (npi
b
) ✐s t❤❡
✶✼
✇❛✈❡♥✉♠❜❡r ✐♥ t❤❡ ρ ❞✐r❡❝t✐♦♥✳ ❱❡rt✐❝❛❧ ✈❛r✐❛t✐♦♥s ❛r❡ s♦❧❡❧② ❜❛s❡❞ ♦♥ cos(npi
b
z) ❛♥❞
❜② ✐♥t❡❣r❛t✐♥❣ t❤❡ ✈❛r✐❛t✐♦♥s ♦✈❡r t❤❡ ③✲❛①✐s ✇❡ ❣❡t
cn =
b∫
0
cos(
nπ
b
z) dz =
{
b ❢♦r n = 0
0 ❢♦r n > 0.
✭❆✳✺✮
■t s❤♦✉❧❞ ❜❡ ♣♦✐♥t❡❞ ♦✉t t❤❛t ❛❧❧ ❤✐❣❤❡r ♠♦❞❡s ❤❛✈❡ ③❡r♦ ❝♦♥tr✐❜✉t✐♦♥ ❛♥❞ ♦♥❧②
t❤❡ ③❡r♦t❤ ♦r❞❡r ♠♦❞❡ r❡♠❛✐♥s ❛♥❞ t❤✉s✱ kρ = k✳ ❚❤❡ φ−❞❡♣❡♥❞❡♥❝❡ ✐♥ ✭❆✳✶✮ ✐s
✐♥ t❤❡ ❡①♣♦♥❡♥t✐❛❧ ❝♦❡✣❝✐❡♥t ❛♥❞ ❛❧s♦ ✐♥ cos(mφ) ✇❤✐❝❤ ✐s ❤✐❞❞❡♥ ✐♥ t❤❡ ✜❡❧❞s✳ ❇②
✉s✐♥❣ x = ρ cos(φ) ❛♥❞ ✉s✐♥❣ t❤❡ ✐♥t❡❣r❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❇❡ss❡❧ ❢✉♥❝t✐♦♥ ✇❡
❣❡t ❬✶✸✱ ♣✳ ✶✹✵❪
2pi∫
0
ejkρ cosφ cos(mφ) dφ = 2πjmJm(kρ), ✭❆✳✻✮
✇❤❡r❡ Jm(kρ) ✐s t❤❡ ❇❡ss❡❧ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✜rst ❦✐♥❞ ❛♥❞ ♦r❞❡r m✳ ❯s✐♥❣ ✭❆✳✺✮
❛♥❞ ✭❆✳✻✮ ❛♥❞ t❤❡ ❢❛❝t t❤❛t ♦♥❧② t❤❡ ③❡r♦t❤ ♦r❞❡r ♠♦❞❡ ❝♦♥tr✐❜✉t❡s ✐♥ t❤❡ ♦♣t✐❝❛❧
t❤❡♦r❡♠✱ t❤❡ t♦t❛❧ ♣♦✇❡r ✐♥ ✭❆✳✶✮ ✐s s✐♠♣❧✐✜❡❞ t♦
Ptot =
ρ
2η0
Re
{
E∗0
∞∑
m=0
2πjmkc0Bm0b[H
(2)
m (kρ)J
′
m(kρ)−H(2)′m (kρ)Jm(kρ)]
}
, ✭❆✳✼✮
✇❤❡r❡ c0 ✐s t❤❡ s♣❡❡❞ ♦❢ ❧✐❣❤t ✐♥ ✈❛❝✉✉♠✳ ❚❤❡ st❛t❡♠❡♥t ✐♥s✐❞❡ t❤❡ ❜r❛❝❦❡t ✐s
s✐♠✐❧❛r t♦ ❲r♦♥s❦✐❛♥ ♦❢ t❤❡ ❇❡ss❡❧ ❢✉♥❝t✐♦♥s✳ ❇② ❡①♣❛♥❞✐♥❣ t❤❡ ❍❛♥❦❡❧ ❢✉♥❝t✐♦♥s
t♦ ❇❡ss❡❧ ❛♥❞ ◆❡✉♠❛♥♥ ❢✉♥❝t✐♦♥s ❛♥❞ ✉s✐♥❣ t❤❡ ❲r♦♥s❦✐❛♥ ❬✶❪✱ ✐✳❡✳✱ [H
(2)
m J ′m(kρ)−
H
(2)′
m (kρ)Jm(kρ)] =
2
pikρ
t❤❡ t♦t❛❧ ♣♦✇❡r ❝❛♥ ❜❡ s✐♠♣❧✐✜❡❞ t♦
Ptot =
1
2η0
∞∑
m=0
Re
{4
k
E∗0 j
m+1kc0bBm0
}
. ✭❆✳✽✮
❚❤✐s ✐s ✈❛❧✐❞ ❢♦r ❛♥② ρ ❛♥❞ ❜② ♥♦r♠❛❧✐③✐♥❣ t❤❡ t♦t❛❧ ♣♦✇❡r ✇✐t❤ t❤❡ ✐♥❝✐❞❡♥t
♣♦✇❡r ✢✉①✱ |E0|2/2η0✱ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s
σtot = −4bRe
{
E∗0fs(k)
jk|E0|2
}
, ✭❆✳✾✮
✇❤❡r❡ ✇❡ ✉s❡❞ t❤❡ ❞❡✜♥✐t✐♦♥ ✐♥ ✭✷✳✽✮✳
❆♣♣❡♥❞✐① ❇ ❚r❛♥s♠✐ss✐♦♥ ✐♥ t❤❡ ✇❛✈❡❣✉✐❞❡
❚❤❡ ❚❊▼ ❤♦r♥ ❛♥t❡♥♥❛ ✐♥s✐❞❡ t❤❡ ✇❛✈❡❣✉✐❞❡ ✐s ✉s❡❞ ❢♦r s♠♦♦t❤ tr❛♥s✐t✐♦♥ ❢r♦♠ t❤❡
❛♥t❡♥♥❛ ♣♦rt t♦ t❤❡ ✇❛✈❡❣✉✐❞❡✳ ❚❤❡ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t✱ |S11| ✐♥ ❋✐❣✳ ✼ s❤♦✇s t❤❛t
t❤❡ ❛♥t❡♥♥❛ ❤❛s t❤❡ ❜❡st ♣❡r❢♦r♠❛♥❝❡ ✉♣ t♦ 12GHz✳ ❙✐♥❝❡ t❤❡ s✐❣♥❛❧ t♦ ♥♦✐s❡ r❛t✐♦
✐♥s✐❞❡ t❤❡ ✇❛✈❡❣✉✐❞❡ ✐s ♥♦t ❛ ♠❛❥♦r ✐ss✉❡✱ t❤❡ ♠❛t❝❤✐♥❣ ♦❢ −5 dB ❛t ❤✐❣❤❡r ❢r❡q✉❡♥✲
❝✐❡s ✐s ❛❧s♦ ❛❝❝❡♣t❛❜❧❡✳ ❚❤❡ tr❛♥s♠✐ss✐♦♥ ✐♥s✐❞❡ t❤❡ ✇❛✈❡❣✉✐❞❡ |S21| ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✼
✶✽
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❋✐❣✉r❡ ✼✿ ▼❡❛s✉r❡❞ ✈❛❧✉❡s ♦❢ |S21| ✐♥ t❤❡ ♣r❡s❡♥❝❡ ✭s♦❧✐❞✮ ❛♥❞ t❤❡ ❛❜s❡♥❝❡ ✭❞❛s❤❡❞✮
♦❢ t❤❡ ♦❜❥❡❝t ✐s s❤♦✇♥ ✐♥ t❤❡ ✜❣✉r❡ ♦♥ t❤❡ ❧❡❢t✳ ❚❤❡ ✜❣✉r❡ ♦♥ t❤❡ r✐❣❤t s✐❞❡ s❤♦✇s
t❤❡ |S11| ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ t❤❡ ♦❜❥❡❝t✳
❢♦r t❤❡ ✜rst ❡①❛♠♣❧❡ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ❛♥❞ t❤❡ ❛❜s❡♥❝❡ ♦❢ t❤❡ ♦❜❥❡❝t✳ ❚❤❡ tr❛♥s♠✐ss✐♦♥
✐s ♠❛①✐♠✉♠ ❢♦r t❤❡ ❧♦✇❡r ❢r❡q✉❡♥❝✐❡s s✐♥❝❡ t❤❡ ❛♥t❡♥♥❛ ✐s ❜❡tt❡r ♠❛t❝❤❡❞ ❛♥❞ t❤❡
❣❛✐♥ ✐s ❤✐❣❤❡r✳ ❚❤❡ ♦t❤❡r ❡✛❡❝t t❤❛t ❞❡❝❧✐♥❡s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ✐s t❤❡ ❡①✐st❡♥❝❡ ♦❢
t❤❡ ❤✐❣❤❡r ♦r❞❡r ♠♦❞❡s ❢♦r ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✳ ■t ✐s ♦❜✈✐♦✉s ❢r♦♠ t❤❡ ✜❣✉r❡ t❤❛t t❤❡
tr❛♥s♠✐ss✐♦♥ ✐s ❝❧❡❛r❧② ❞✐✛❡r❡♥t ✐♥ t❤❡ ❛❜s❡♥❝❡ ❛♥❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ♦❜❥❡❝t✱ ❡✈❡♥
❢♦r ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ s❝❛tt❡r✐♥❣ ✐s ✈❡r② ❧♦✇ ❛♥❞ t❤❡ ❛♥t❡♥♥❛ ♣❡r❢♦r♠❛♥❝❡
✐s ♥♦t ❛s ❣♦♦❞ ❛s t❤❡ ❧♦✇❡r ❢r❡q✉❡♥❝✐❡s✳
❘❡❢❡r❡♥❝❡s
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❉✳❈✳✱ ✶✾✼✵✳
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✷✵✵✹✳
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